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Abstract

Development of quantum networks is necessary for quantum communication and dis-
tributed quantum computing. This requires the distribution of entanglement across
many stationary qubits in the network. Solid state defect quantum emitters (QEs)
can function as light-matter interfaces for connecting the internal electron spin states
acting as stationary qubits and quantum states of emitted photonic qubits. En-
tanglement can then be generated between distant spin qubits by heralded optical
measurements of the emitted photons over fibers. Thus, a key challenge is the control
of many QEs, as well as efficient routing and detection of the spin-state-dependent
photons. With QEs being in solid-state, we can achieve the scaling needed through
miniaturization of the control and routing components by using integrated electronics
and photonics. However, advanced and commonly-used integrated photonic platforms
produced in foundries are based on silicon and silicon nitride, which are incompatible
with the short wavelength emission of leading solid-state QEs. As such, there is a
need for a wide-bandgap integrated photonics platform for quantum technologies.
This thesis first develops photonic integrated circuits (PICs) based on aluminum
nitride (AIN) on sapphire, which enables low-loss routing from the visible down to
the ultraviolet spectrum. We will then show that thin film AIN is also host to bright,
high-purity QEs compatible with monolithic PIC integration. As solid-state emitters
in diamond are among the promising qubits for quantum networks due to their effi-
cient optical interfaces and minute-scale spin coherence, we will then present on the
large-scale heterogeneous assembly of diamond-waveguide-coupled QEs into AIN pho-
tonic circuits with in situ wavelength tuning. To demonstrate the versatility of this
photonics platform, we will lastly discuss the heterogeneous integration of QEs in 2D
materials and detectors. These advances show that AIN is a promising and versatile
wide-bandgap integrated photonics platform for quantum information processing.

Thesis Supervisor: Dirk R. Englund
Title: Associate Professor of Electrical Engineering and Computer Science
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Schematic of the nitrogen vacancy center in the diamond lattice. . . .
Overview of quantum repeater hardware for building a quantum net-
work, which uses NV centers in diamond as quantum registers. How-
ever, this hardware architecture can also be applied to other emerging
color centers in diamond or even other semiconductor materials. We
will use an AIN photonic integrated circuit for dynamic photonic rout-

ing, and SNSPDs as on-chip detectors. . . . . .. ... .. ... ...

Properties of AIN-on-sapphire material. (a) Cross section illustrating
each layer of the wafer, along with their respective thickness; top inset:
atomic force microscopy scan of AIN film showing the nanocolumn size.
Surface roughness is measured to be 0.9 nm RMS with 26.5 nm grain
size (b) High resolution x-ray diffraction (002) and (015) w scan of AIN.
(c) (015) ¢ scan of AIN showing six-fold symmetry wurtzite structure.
(d) Refractive index measurements using ellipsometry. (e) Background
fluorescence from sapphire substrate (yellow), unpatterned AIN (blue),
patterned AIN (orange), and stoichiometric silicon nitride (purple).
Top inset (purple): Fluorescence spectrum of SiN. Bottom inset (blue):

Fluorescence spectrum of AIN. (f) Background fluorescence from SiON
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top cladding, before (blue circles) and after (orange squares) bleaching. 43
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(a) AIN on sapphire photonics fabrication process: (i) Start off with
an unpatterned AlIN-on-sapphire chip diced up from a whole wafer.
(ii) Spin coat HSQ (2% XR-1541), pattern using electron beam lithog-
raphy, and develop using an aqueous mixture of 1 wt % NaOH and
4 wt % NaCl for high contrast. (iii) Etch by ICP-RIE using chlo-
rine chemistry. (iv) Strip HSQ. (v) Clad with silicon oxynitride using
plasma-enhanced chemical vapor deposition (PECVD). (vi) Edge pol-
ish for making the inverse-tapered edge couplers. (b) Scanning electron
microscope (SEM) image of a fabricated AIN waveguide at a 50 degrees
tilted view. (c) Transversal component of TE mode in AIN waveguide
for PMMA and SiON cladding for 638 nm (top) and 400 nm (bottom)
wavelengths. The dimensions of the waveguide for 638 nm wavelength
are 450 nm wide x 200 nm thick. The dimensions of the waveguide
for 400 nm wavelength are 250 nm wide x 200 nm thick. . . . . . ..
(a) SEM images of the grating couplers. First gap of the grating cou-
pler is 60 nm, and the gaps are linearly increasing. Curvatures are
set to be matched with mode evolution so that there is no reflection.
Top: green spectrum grating coupler. Bottom: red spectrum grating
coupler (b) Green line: simulated coupling efficiency vs. wavelength
plot of green-spectrum grating coupler optimized for 500 to 600 nm.
Black line: measured experimental transmission intensity vs. wave-
length plot of green-spectrum grating coupler. (c¢) Red line: simulated
coupling efficiency vs. wavelength plot of red-spectrum grating coupler
optimized for 600 to 700 nm. Black line: measured experimental trans-
mission intensity vs. wavelength plot of red-spectrum grating coupler.
(d) Fiber edge coupling to the waveguides at 369.5 nm using Nufern
SM300 fiber. (e), (f) Free-space edge coupling using aspheric lenses
into a waveguides that are designed to be single mode in the traverse

electric polarization at 468 nm and 369.5 nm, respectively. . . . . . .
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(a) SEM of the ring resonator. Inset shows a close up of the ring res-
onator at a 50 degrees tilted view. The gap between the waveguide
and the ring is 300 nm for the undercoupling regime, which was used
to verify the unloaded Q. (b) Wavelength response at 369.5 nm of the
ring resonator cladded with SiON around resonance. The Lorentzian
fitting shows a @ of >24,000. (c) Quality factors of 40 wm radius ring
resonators measured using an optical spectrum analyzer (OSA) for
wavelengths spanning from 380 nm to 480 nm, along with the quality
factors at 369.5 nm wavelength using both frequency doubled pulsed
and continuous-wave (CW) Ti:Sapphire lasers. (d) Wavelength re-
sponse at 637 nm of the ring resonator cladded with PMMA around
resonance. The Lorentzian fitting shows a @) of >140,000. Inset shows
a zoom-in of the wavelength response. . . . . . . . .. ... ... ...
(a) SEM of the distributed Bragg reflector (DBR) with adiabatic ta-
pering for low insertion loss. Inset shows a zoom-in of the DBR. (b)
Simulated and measured transmission vs. wavelength for the DBR. In
simulation, we achieve 45 dB extinction for 532 nm green pump light
typically used for NV excitation. Experimentally, we achieve >13 dB
extinction for 532 nm. (c¢) SEM of directional couplers with 50/50
splitting ratio at a 50 degrees tilted view. Inset shows a zoom-in of the
directional couplers at a 50 degrees tilted view. (d) Measured trans-
mission power at the two output ports of the directional couplers as a
function of coupling length in the straight, parallel waveguides region.
Side view of chip after HSQ patterning and Cr dry etch. . . . . . . . ..
(Left) 2000x optical micrograph of the chipped facet from conventional
mechanical edge polishing. Notably the cladding and waveguide often
delaminate together which prevents direct end-fire fiber coupling and
free space coupling. (Right) 2000x micrograph of the same optical chip

with an ion milled facet suitable for fiber or free space coupling.
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3-2

200x optical micrograph of ion milled facet. (Inset) Waveguides array

along topedge. . . . . . . L

Quantum emitters in aluminum nitride integrated photonics. (a) Scal-
able AIN-on-sapphire photonic integrated circuits with integrated quan-
tum emitters. Black inset: Wurtzite crystal structure of aluminum
nitride (yellow: aluminum atom, black: nitrogen atom). Blue inset:
Microscope image of the fabricated QE-integrated waveguides, where
the grating couplers are used for visual feedback during fiber edge
coupling. (b) Atomic force microscopy of a sample before and after
annealing. Cutout 1 indicates the hexagonal structure of the nano-
columns is maintained after annealing. Cutout 2 shows reduced surface
roughness, slightly smaller grain size, and smoothing of the AIN film
columnar structure with improved orientation alignment to the c-axis,
indicating an improved crystallinity to the AIN Film. (c) Close-up
cross-section of the single-mode AIN-on-sapphire waveguide, which is
450 nm in width by 200 nm in height. The quantum emitter is embed-
ded within the AIN waveguide (not necessarily in the exact center as
shown). . ...
Spectral analysis of quantum emitters in thin-film w-AIN. (a) Quantum
emitter density in a 25 um x 25 um area (white scale bar: 5 um). Two
types of emitters with orthogonal polarization states are identified,
labeled as “A” and “B”. (b) Temperature-dependent PL spectra of
a representative type A quantum emitter (black: 5 K, red: 150 K,
orange: 295 K). The spectra for 150 K and 295 K are offset vertically for
clarity. (c) Temperature dependence of the type B quantum emitter’s
zero-phonon line linewidth. (d) Temperature-dependent PL spectra of
a representative type B quantum emitter (black: 5 K, green: 150 K,
blue: 295 K). The spectra for 150 K and 295 K are offset vertically for
clarity. . ...
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3-3 Photon statistics characterization of quantum emitters. Continuous
wave excitation second order autocorrelation histogram with (a) ¢ (0) =
0.08 & 0.06 for a type A emitter and (b) ¢ (0) = 0.09 & 0.08 for a
type B emitter. (c) Pulsed excitation second order autocorrelation
histogram for a type A emitter with ¢ (0) = 0.0540.002. (d) Power-
dependent second-order autocorrelation histograms for a type A emit-
ter. Power-dependence of the reciprocal values of fitting parameters
(e) 7 and (f) 7 in the second-order autocorrelation fits. The plots are
linearly fitted (orange) and reflect the decay rates of the excited and
metastable states, respectively. (g) Power-dependence of the fitting
parameter «, which is representative of the non-radiative transitions
via the metastable state. (h) Power-dependence of the decay ratio,
which is defined as the ratio between the decay rate from the excited
state to the ground state compared to the sum of all first order decay

rates from the excited state. . . . . . . . . ... ...
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Photophysical properties of emitters. (a) Graphical illustration of a
three-level system. (b) Excited state lifetime measurements fitted with
a single exponential decay function, showing an excited state lifetime
of 3.1 £ 0.1 ns for type A emitters (orange) and 1.7 £ 0.1 ns for type
B emitters (blue). (c) (top) PL intensity saturation response of a type
A emitter exceeding 1 million counts per second at saturation, with
a saturation power of 1.5 mW (data with orange fit). The data with
black fit shows the associated background. (bottom) Plot of ¢(®(0) as
a function of excitation power, showing the high single photon emission
purity up to twice the saturation power. Red line indicates the cutoff of
g?(0) < 0.5, indicating single photon emission. (d) Polar plots of PL
as a function of linear excitation laser polarization. The emitters are
split into two classes of emitters: one with a linearly oriented emission
polarization orthogonal to the excitation spectrum (type A) and one
with a linearly oriented emission polarization parallel to the excitation
(type B). (e) Top: long-time photostability of a type A emitter. The
emitter did not show any evidence of blinking or bleaching during the
course of the experiments. Bottom: photostability of a type B emitter,
showing blinking at sub-second timescales. . . . . . .. .. ... ...
Photonic integration of emitters. Confocal PL scan of AIN waveguide
populated with quantum emitters throughout, with (a) confocal col-
lection and (b) waveguide collection for detection. The circled emitter
is the emitter that is studied in the photon-intensity correlation mea-
surements. Diagrams of the respective measurement setup is shown for

each confocal PL scan for clarity. . . . . . .. ... ... ... ....
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Waveguide-coupled emitter photon statistics measurements. (a) Cross-
correlation measurement of the emitter under 532 nm excitation be-
tween the photons collected via the confocal setup and the photons
collected through the waveguide, with ¢®(0) = 0.1740.07, confirming
the photons collected from the waveguide while exciting the emitter
originates from the emitter. The upper diagram shows the measure-
ment setup used for the cross-correlation measurement. (b) Autocorre-
lation measurement of the emitter via waveguide collection only, with
g®? (0) = 0.2140.08. The upper diagram shows the measurement setup
used for the autocorrelation measurement. . . . . . . . . . ... ...
PL intensity saturation response of an emitter with waveguide collec-
tion, with counts exceeding 8.6 x 10* cps at a saturation power of 2.3
mW. e
Conceptual diagram of an AIN PIC with distributed Bragg reflectors as
filter (green) and directional reflector (red), as well as grating coupler
(blue) for dense population of read-out channels on the chip. Insets
are SEM micrographs of the fabricated structures, with scale bars in

each being 2 um. . . . . . . ... L

Scalable integration of artificial atoms with photonics. The separate
fabrication of sub-components before their final assembly maximizes
the yield, size, and performance of the hybrid emitter-photonics chip.
A pick-and-place method transfers pre-screened QMCs from their par-
ent diamond chip into a socket containing efficient photonic interfaces,
as well as electrical wires for controlling color centers. . . . . . . . ..

Flowchart for large-scale heterogeneous integration. . . . . . . . . ..
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Fabrication and integration of QMC with integrated photonics. (a)
SEM overview of the parent diamond chip containing over 500 micro-
chiplets for heterogeneous integration. (b) A 16-channel QMC. (¢) An
8-channel QMC with varying mechanical beam rigidity. (d) PL map of
GeV centers (bright spots) in a 16-channel QMC. (e) PL map of SiV
centers (bright spots) in a defect-free 8-channel QMC. (f) An AIN-on-
sapphire integrated photonics module that interfaces with the diamond

QMC placed in the chiplet socket. (g) Close-up SEM of the diamond

QMC and AIN photonic interfaces. . . . . . . ... ... ... .... 89
Histogram of number of emitter-coupled waveguides within a QMC. . 90
Integrating a 64-channel QMC . . . . . . .. .. ..o 90

FDTD simulation showing propagation of light from the diamond waveg-

uide into the AIN waveguide for: (a) 602 nm wavelength (corresponding

to the GeV color center ZPL) and (b) 737 nm wavelength (correspond-

ing to the SiV color center ZPL). . . . . ... ... ... ... 93
Coupling efficiency of TE mode light from the diamond waveguide into

the AIN waveguide as a function of offset to the optimum alignment

for: (a) ZPL of GeV centers at 602 nm and (b) ZPL of SiV centers at
TITNM. . .o 94
Optical image of sixteen QMC-populated micro-chiplet sockets con-
taining GeV or SiV centers. The ‘unsuccessful’ modules indicate failed
QMC placements. . . . . . ..o 95
Integrated quantum photonics with color centers. (a) Experimental
setup in a 4K cryostat showing the input and output optical inter-

faces (1), (2), and (3). (b) Energy level and spectrum of a GeV center.
Resonant excitation probed transition C, which is the brightest and

narrowest line. . . . . . . .. 96
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4-11

4-12

4-13

(a) Auto-correlation measurements of a single GeV in Channel 41 under
(i) off-resonant 2 mW, 532 nm excitation and under (ii) resonant ex-
citation at 602 nm. (iii) Auto-correlation measurement of a single SiV
in Channel 65 under resonant excitation at 737 nm. (b) Waveguide-
coupled single photons from every integrated GeV and SiV channel in
the PIC. . . . . . o o
Defect-free arrays of optically coherent and efficient waveguide-coupled
emitters. (a) Photoluminescence excitation (PLE) spectrum (FWHM
linewidth I' = 37(3) MHz, indicated by the arrows) of a single GeV
in channel 41 with all-fiber excitation and detection of the phonon
sideband (PSB) fluorescence routed on-chip via (1). (b) Excitation via
(2) and fluorescence detection via (I). This geometry allows GeV reso-
nance fluorescence detection at least 18 dB above background, without
spectral, temporal, or polarization filtering. (c¢) In transmission, a sin-
gle GeV center causes coherent extinction of AT/T = 38(9)% (orange
curve, I' = 35(35) MHz); the PLE spectrum is shown in the red curve
(' =40(5) MHz). . . . . . .
Fluorescence decay of the GeV in Channel 41 measured using time-
correlated single photon counting. . . . . . . . ... ...
(a) PLE spectra of GeV centers in each waveguide of a characteristic
8-channel GeV QMC, with a mean (+ standard deviation) linewidth
of I' = 54 (£ 24) MHz. (b) PLE spectra of SiVs in an 8-channel SiV
QMC, with a mean linewidth I' = 146 (£ 20) MHz. We interpret the
two lines in Channel 69 as PLE spectra from two distinct SiV centers

[¢®(0) = 0.69(7) under off-resonant excitation (not shown)] . . . . .
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4-14 Controlling the optical transitions of color centers on a PIC. (a) We
applied a DC bias between the metal layer Au 1 on diamond and
metal Au 2 on the substrate to electrostatically actuate the QMC.
(b) SEM image of the device. In this experiment, we investigated
the optical response of emitters 1A, 1B, and 2 to strain. (c) Intra-
waveguide Emitter 1A and Emitter 1B overlaps spectrally at 24.5 V.
Inter-waveguide overlapping between Emitter 2 and Emitter 1A (1B)
occurs at 2 V (12 V). Error bars for Emitter 1A and Emitter 2 are
smaller than the data points. . . . . . . .. . ... ... ... ... ..

4-15 Scheme for strain-tuning emitters in a PIC platform. (a) Scanning
electron micrograph image of Type I and Type Il waveguides consid-
ered in this experiment. (b) Strain distribution along the waveguides
and emitters considered in Figure 4-14. Horizontal error bars indicate
the lateral uncertainty in the position of emitters and vertical error
bars indicate the ion implantation straggle. . . . . .. .. ... ...

4-16 Spectral shift of GeV centers in response to strain fields. Strain spec-
troscopy of (a) Emitter 1A (b) Emitter 1B, and (c¢) Emitter 2

4-17 Reproducible spectral shifts between 10 Vto 26 V. . . . . .. .. ..

4-18 Optical properties during strain tuning. Top: PLE linewidths as a
function of voltage. Bottom: Corresponding frequency shift, AA, of
the ZPL transition. . . . . . .. .. ... . oo

4-19 Stability of the ZPL transition frequency during strain tuning. Each
time slice corresponds to a single PLE linewidth measurement averaged
over 3 minutes. . . . ... ..o

4-20 Saturation response of a single GeV center. (a) Continuous-wave 532-
nm laser excitation (b) Pulsed laser excitation at 532 nm with a repe-
tition rate of 26 MHz. . . . . . . ... oL

4-21 FDTD simulation showing the cross sectional E, field component for

an optimized edge coupler for (a) lensed fiber and (b) high NA fiber.
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o-1

5-2

Coupling of the hBN emitter to the AIN waveguide. (a) Schematic view
of the hybrid quantum photonic system showing a hBN flake (purple)
positioned onto an AIN ridge waveguide (light gray). The inset shows
the layered van der Waals hBN crystal. (b) Atomic force microscopy
(AFM) image of the hBN-waveguide structure. The position of the
hBN emitter onto the waveguide is indicated (yellow arrow). (¢) AFM
height measurement of the hBN emitter on the waveguide along the
cross-section profile following the red line in (b); the ridge measured
for the pristine waveguide is also shown (black trace). . . . . . .. ..
Optical characterization of the hBN-waveguide heterogeneously inte-
grated structure. (a) Confocal map of the hybrid system under 532 nm
CW laser excitation. The emitter at point A is dimmer compared to
the overall intensity within the map, and therefore is not clearly visible
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citation fixed at the emitter (spot A). Scale bars are 5 um in both
(a),(c). The collection spectral window is indicated by the unshaded
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Device layout for a sixteen-element detector. The detector is a two-
terminal array that connects a chain of single-photon detector segments
using slow-wave nanowire delay lines. The nanowire was designed to be
a microstrip waveguide with a dielectric spacer and a top ground plane.
(i) SEM of the delay line, which consisted of a 300 nm wide meandered
nanowire. Scale bar, 10 pum. (ii) SEM of a detector segment, which
consisted of two 80 nm wide parallel nanowires. Scale bar = 1 um.
The blue band marks the site for future waveguide integration. . . . .
SEM image of the electron beam lithography patterning of the AIN
waveguide with respect to the fabricated NbN SNSPD detector, show-
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Chapter 1

Introduction

1.1 Quantum Networks for Quantum Communica-
tion and Distributed Quantum Computing

The central challenge in building long-range quantum networks for scalable quantum
computing and quantum communication is to distribute entanglement across mul-
tiple, individually controllable, quantum memories [1]. One way to experimentally
implement this is to connect stationary spin qubit nodes with photonic flying qubits,
which are ideal long distance carriers of quantum information that are resistant to
decoherence [2]. This requires the development of a light-matter quantum interface
that connects the quantum states of photonic qubits to the stationary qubit states of
each quantum node. For this, each node would consist of a quantum memory whose
register has several ancillary qubits for single qubit and two-qubit gates. Further-
more, having multiple physical ancilla qubits in each node also allows for quantum
error correction [3]. With these components, each node functions as a quantum in-
formation processor. Then, to entangle two distant stationary spin qubits, we would
need spin-state-dependent photon scattering from the two memories. The photons
will then be interfered on a beamsplitter that removes information regarding the ori-
gin of the scattered photons if the photons are indistinguishable, which means that

their wavelength, linewidth, and polarization are identical. Finally, photon detection
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collapses the quantum states of the two spin qubits into a non-local quantum super-
position, or entangled state. In order to create a quantum network that distributes
these quantum entangled states, the main difficulty is to achieve coherent control over
the interactions of light and matter at the single-photon level for hundreds and even

thousands of qubits across multiple nodes.

1.2 Solid State Integrated Platforms for Scalable
Quantum Network Hardware

Atomic systems such as trapped ions and neutral atoms have previously led the way
for building such a distributed quantum network due to their exceptional coherence
times and optical properties. While proof-of-concept experiments are possible with
today’s optical components using trapped atoms and ions [4, 5], scaling these sys-
tems to tens, hundreds, or thousands of individually controllable quantum memories
requires electronic and photonic hardware at very large scales. On the other hand,
solid-state quantum emitters have properties resembling those of atoms and ions but
do not need to be trapped as they are naturally trapped through a potential cre-
ated by the semiconductor host environment. Hence, they are promising for building
these light-matter interfaces in a scalable and compact hardware using semiconduc-
tor engineering and manufacturing. The way these ‘artificial atom’ quantum emitters
function is that a quantum register of electron spin in the solid interacts with nearby
nuclear spins in the lattice to provide high-fidelity state manipulation and readout,
long-lived quantum memory, and long-distance transmission of quantum states by
optical transitions that coherently connect the electron spins and emitted photons.
Each quantum emitter is the engine for distributing and processing entanglement
between distant stationary nodes in a quantum network.

Atomic color centers in diamond have been shown to have efficient spin-photon in-
terfaces [6] with minute-scale quantum memory times [7], which have allowed them to

emerge as leading candidates amongst solid-state atom-like qubits. They have enabled
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large-distance quantum networks with demonstration of loophole-free Bell inequality
violation between two diamond emitters separated by 1.3 kilometers [8]. In fact, di-
amond quantum emitters have also recently broken the entanglement rate threshold,
making it possible to create entanglement faster than the decoherence time, which is
a significant breakthrough for potentially scaling up quantum networks beyond the
previous limit of just two remote defect centers [9]. Furthermore, they have recently
been used for memory-enhanced quantum communication, enabling quantum com-
munication at a rate that surpasses the ideal loss-equivalent of direct-transmission
[10]. The goal now is to develop quantum information processing (QIP) architectures
to combine these quantum memories into scalable hardware for applications ranging
from multiplexed quantum repeaters [11, 12] to general-purpose quantum computers
[13-15]. To do so, we would need to heavily rely on the solid-state aspect of these
quantum emitters in diamond to scale these systems beyond the two nodes demon-
strated in proof-of-concept experiments so far.

Modern digital computing technologies have developed through constant miniatur-
ization that enables more efficiency and complexity over time. What was once a large,
bulky reconfigurable general-purpose digital computer made of vacuum tubes that
took up an entire room (Electronic Numerical Integrator and Computer - ENIAC)
has transformed into the small and ultra-compact semiconductor computing chips
that we have today that are many orders of magnitude more powerful than its pre-
decessor. This was made possible by the invention of solid-state transistors that
allowed us to translate bulky computers into an integrated platform. Similarly, the
ground-breaking proof-of-concept quantum experiments have mainly involved super
complex and large optical setups. While properties like superposition and entangle-
ment make qubits powerful, these properties are also fragile and require phase and
amplitude stability for the entire system, making scaling with bulk optics intractable.
Motivated by the progress of the semiconductor industry, our goal is to develop solid-
state quantum emitters and semiconductor integrated photonics and electronics to
miniaturize the functionalities of these bulky setups to a compact chip for scalable

quantum technologies capable of controlling, processing, and routing hundreds, thou-
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sands, and eventually millions of qubits on a single chip. An integrated platform
using nanofabricated photonic components may eliminate bulky free-space optics al-
together while greatly reducing optical losses, greatly improving component density,
and providing phase stability. Furthermore, an integrated system can be packaged to

reduce environmental fluctuations from affecting the quantum states.

1.3 Atomic Defect Centers in Diamond

In order to determine what has to be developed in an integrated hardware for quantum
information processors using solid state quantum emitters, we have to understand
what their properties are. The intent is for this work to be applicable universally to
any quantum emitter because quantum emitter research is a burgeoning field with
new promising platforms constantly being discovered that may one day be what is
used for quantum information processing. However, we will discuss the spin and
optical properties of these leading ‘artificial atoms’ in diamond and use them for the

demonstrations in this thesis.

1.3.1 NV Centers in Diamond

a ° o

Figure 1-1: Schematic of the nitrogen vacancy center in the diamond lattice.

Amongst the atomic defect centers in diamond, the negatively charged nitrogen

vacancy (NV) center in diamond has been the most extensively studied and most
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used color center for quantum network architecture demonstrations. The NV cen-
ter consists of a substitutional nitrogen in a carbon lattice site and vacancy in an
adjacent site (Figure 1-1). In the negatively charged state, there are a total of six
electrons trapped in the defect, comprised of three electrons covalently bonded to the
three adjacent carbons, two unbonded electrons from the nitrogen, and one electron
from the diamond lattice conduction band. It is a S = 1 system with spin triplet
ground state, spin triplet excited state, and long-lived singlet state. Considering
spin-spin interaction and spin-orbit interaction, these become a spin-triplet, orbital
singlet ground state that can be coupled optically to a spin-triplet, orbital-doublet
excited state, with distinct spin-selective, zero-phonon optical transitions resolvable
at cryogenic temperatures [16]. The optically addressable spin ground state and ex-
cited state levels are then used for storing quantum information [17]. Its electronic
spin can be used to mediate coupling to local quantum registers composed of several
nuclear spins by hyperfine interaction [7] while also coupling coherently to photonic
qubits, essentially acting as a small quantum information processor. NV centers have
even been used to demonstrate spin coherence times exceeding 1 second at room tem-
perature [18]. With these properties, most of the proof-of-concept quantum network
experiments have been demonstrated using NV centers in diamond. However, only
about 3% of the NV’s fluorescence is emitted through the zero-phonon line at around
637 nm that coherently couples to the electronic states. The rest of the fluorescence
result from decay from the NV excited state that loses energy to the diamond lattice
due to excitation of vibrational modes. This results in a broad emission spectrum
known as the phonon sideband. These transitions lose information to the diamond
lattice, so they do not hold information about the electron spin state and cannot be
used for entanglement generation.

Previous demonstrations of entanglement with spin states of spatially separated
NV centers in diamond used the Barrett and Kok protocol [19]. In this protocol,
both NV centers have to each emit a photon that is entangled with the electronic
state. Then, both photons are interfered on a beamsplitter, followed by detections of

the photonic state. Detection of exactly one photon projects the two spins into an
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entangled state. Then, the entangled state is verified in a following trial by flipping
both NV spins and detecting a second single photon, leading the success probability
to scale proportionally with the square of the photon-to-detector collection efficiency.
This is made worse by the fact that optical fiber links are more lossy in the visible
wavelengths that NV centers emit compared to the typical low-loss telecom wave-
lengths. As such, to extend the spin-photon quantum network to beyond just two
NVs would require significant improvements to the spin-photon interface through
optical cavities to achieve strong Purcell enhancement [20]. However, this requires
precise positional and spectral overlap of the NV with the cavity, leading to even less
tolerance and yield in the manufacturing. As such, it may be more straightforward
and less of an engineering challenge to find new quantum emitters with inherent spin

and optical properties that are more suitable for quantum network applications.

1.3.2 Group IV Color Centers in Diamond

New color centers in diamond, such as the negatively charged silicon vacancy (SiV)
and the negatively charged germanium vacancy (GeV) centers, have drawn attention
in recent years due to their much larger Debye-Waller factor (~0.7), which is the
fraction of emission emitted into the zero-phonon line. Being structurally-similar
defects, SiV and GeV are formed by replacing two neighboring carbon atoms in the
diamond lattice with one silicon or one germanium atom, respectively, which situates
itself between the two vacant carbon lattice sites. The SiV center is a spin-1/2 system
with the electron ground and excited states each having double orbital degeneracy
split by spin-orbit coupling and dynamic Jahn-Teller interaction. This results in a pair
of split ground and excited states, with the spin-orbit states each doubly degenerate
by spin [21]. These eigenstates have optical and phononic transitions that couple only
to the orbital degree of freedom and are spin conserving, making it possible to control
the defect’s spin states by all-optical methods. These spin states also have near-unity
spin purity and allow for spin-dependent resonance fluorescence measurement [22],
making SIV an excellent spin-photon interface. As the ground and excited states are

located within the diamond bandgap, all four transitions between the two ground and
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two excited orbital states result in a sharp zero-phonon line at 737 nm. The GeV
center has spin and optical properties similar to that of SiV center, with the exception
of having its zero-phonon line at 602 nm.

SiV and GeV have lower spectral diffusion due to their D3y point group inver-
sion symmetry that results in highly indistinguishable photon emission with narrow
near-transform-limited optical linewidths, which combined with their shorter radia-
tive lifetime and bright photoluminescence, make them ideal for photon-mediated
entanglement generation. However, SiV and GeV have short spin coherence times
that require them to be operated at mK temperatures [23, 24| or strained to increase
the energy splitting of the orbitals [25]. Further studies are being done with SiV, GeV,
and other group IV vacancies in diamond to learn how to control and operate them
to have higher spin coherence times and coupling to ancilla qubits. However, with
the achieved spin coherence times, SiVs have already been used to couple to nearby
13C that can serve as ancilla qubits [26] for quantum memories, gate operations, and
error correction.

Due to their optical properties of strong emission into the spin-correlated zero-
phonon line, low inhomogeneous distribution, and low spectral diffusion, SiV and
GeV are gaining interests for use in quantum networks. Another advantage of SiV
and GeV is that they have been shown to maintain their highly coherent optical
transitions even when produced through ion implantation [27], unlike NV centers
[28], which is important if we want to integrate a single SiV or GeV into a cavity with
high positional and spectral overlap. The remaining challenge is to engineer and find
ways to control the spin properties of SiV and GeV to be comparable to that of NV
centers. There have also been investigations of other group IV defects in diamond in
the past year or two, with the expectation of having similar optical properties as SiV
and GeV centers due to having the same inversion symmetry and hopes of possibly

having spin properties comparable to that of NV centers [29, 30].
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1.4 Components for Integrated Quantum Photon-
ics

With so many early pioneering works for using solid-state quantum emitters for quan-
tum networks, what is left now is to scale everything up. Integrated photonics is a
promising avenue for reaching the scale of component integration while maintaining
performance necessary for quantum information processing through nanofabrication
techniques. For this, on-chip entanglement would be necessary with it being im-
perative to improve the efficiency with which single photons from quantum emitters
can be guided into low-loss single-mode waveguides and detected with single photon
detectors. Having the capability to perform on-chip entanglement of photons from
separate quantum memories would be the basis of building up a multiplexed quantum
repeater necessary for quantum networks. A similar architecture can also be used for
local quantum information processing.

With ‘artificial atoms’ in solid state being a key component for integrated quan-
tum photonics, there are many components/functionalities necessary for a full-fledged
quantum photonic system that can be used for both building quantum networks and
for performing quantum information processing. For example, on-demand single pho-
ton sources, filters, and reconfigurable optical circuits comprised of beamsplitters and
phase shifters are necessary for linear optic quantum computation and teleportation
[31]. The system also requires integrated detectors for efficient state measurements,
with which the output electrical signals can be routed to fast electro-optic modulators
to perform feed-forward operations. A quantum state storage unit can be composed
of an atomic color center quantum memory. In addition, for interfacing with another
system or node separated by long distances via an optical fiber, it may be necessary
to have wavelength conversion elements using optical nonlinearities. This can also
be used for interfacing with different types of emitters to overlap their wavelengths.
Single-photon nonlinearities are also necessary for photon-photon interaction and de-
terministic quantum gates. Finally, we would require large-scale control electronics

that would inevitably necessitate fast CMOS logic.
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1.5 Hybrid Integration for Quantum Photonics

Impurity spins will satisfy the functionalities of on-demand single-photon sources,
photon memories, and nonlinear single-photon switches in an integrated quantum
photonics processor, playing the role similar to that of transistors in driving minia-
turization while maintaining necessary operations. In order to minimize manufactur-
ing complexities and optical loss in coupling from one component to another, ideally
a quantum emitter would be embedded in a material platform that enables stable
spin and optical properties, as well as a robust manufacturing of photonic circuits.
However, the variety and extent of building blocks suggests that existing integrated
photonic components based on a single material platform may be inadequate to build
a quantum photonic system. For example, while quantum emitters in diamond are
the leading solid-state emitters with long coherence times, with individual diamond
cavity systems coupled to artificial atoms now achieving excellent performance, there
is no active chip-integrated diamond photonic components and wafer-scale single crys-
tal diamond on a low-index substrate for on-chip photon routing, modulation, and
switching in an all-diamond system, which currently prohibits scaling to large scale
QIP applications [12-15]. Furthermore, yield becomes an issue when trying to man-
ufacture a large-scale system if some of the building blocks are prone to fabrication
non-uniformity or imperfections. One or more faulty components can compromise the
capabilities of the whole chip. To date, efforts towards large-scale QIP with color cen-
ters in diamond as the core component have been stymied by qubit inhomogeneities,
low device yield, and complex device requirements.

A promising method to alleviate these constraints is heterogeneous (or hybrid)
integration, which is increasingly used in advanced microelectronics to assemble sep-
arately fabricated sub-components into a single, multifunctional chip. In heteroge-
neous integration, the building blocks of the system are first separately fabricated
in materials typically incompatible for direct growth, then they are prescreened and
combined in a transfer process. Doing so maximizes the yield, size, and performance of

the hybrid chip by combining the best properties of each constituent platform while
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circumventing the limitations of each. Heterogeneous integration approaches have
also recently been used to integrate photonic integrated circuits (PICs) with quan-
tum devices, including quantum dot single-photon sources [32, 33|, superconducting
nanowire single-photon detectors [34], and nitrogen-vacancy (NV) center diamond
waveguides [35].

The glue that holds everything together is, therefore, an underlying photonic in-
tegrated circuit that serves as a backbone carrier to host and connect all the separate
components. To harness the potential of quantum phenomena on a large scale, we
would need to combine post-selection of only functional quantum components that
typically suffer from low production yield with a mature, highly-developed foundry-
based photonic integrated circuit technology with high throughput and yield, com-
patible with CMOS electronics for high speed control, logic, and processing. In fact,
the most advanced integrated photonic platforms today are based on silicon or silicon

nitride (SiN) that can be produced in existing CMOS foundries.

1.6 Photonic-Integrated Quantum Memories and
Photonic Integrated Circuit Platforms

For the application of quantum networks, the most important component is the inte-
gration of quantum emitters with long-lived quantum memories since it is what drives
everything that we need for remote entanglement. There have been many advances
in the hybrid approach involving the integration of quantum emitters with various
photonic platforms. For example, there have been demonstrations showing quantum
dot quantum memories integrated with advanced photonic platforms using silicon or
SiN [32, 36]. However, the spin properties of these quantum memories emitting in the
near infrared are poor with short coherence times. There have also been demonstra-
tions of hybrid integration of quantum emitters and atomic quantum memories with
many orders of magnitude longer coherence times [35, 37, 38]. However, they have

important optical transitions in the ultraviolet (UV) and visible wavelengths in which
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the photonic platforms used (SiN and GaP) are less developed, less studied, lossy, or
have unwanted high intensity, broad background autofluorescence. The trend seems
to be that the higher the coherence time of the quantum memory, the shorter the
wavelength of the optical transitions. As such, there is a need to develop a low-loss
UV to visible integrated photonics platform that can be leveraged to interface with
these leading long-lived quantum memories for scalable quantum technologies.
There are also recent interests of other optically active spins in rare-earth ion
dopants in a solid state host, such as Er¥* and Yb** [39, 40], with emission wave-
lengths in the near-infrared and infrared range. With new quantum technologies
emerging constantly, it would be ideal to develop a wide-bandgap photonics platform
that would span from UV to infrared so that multiple technologies can potentially be

interfaced together on one chip.

1.7 Thesis Motivation and Overview

Integrated photonics confine and propagate light using the same principles as opti-
cal fibers, specifically total internal reflection due to the refractive index differences
between the higher index core and lower index cladding. For stronger light confine-
ment, which results in higher device densities and smaller footprints, the differences
in the refractive indices would need to be higher. Gathering inspiration from the
most-advanced existing integrated photonics technology based on silicon-on-insulator
(SOI), we want to choose a material platform with an existing industrial base with
mature nanofabrication and growth technologies that can be readily leveraged for scal-
ing, so that it would be possible to quickly go from the research development state
to commercial viability. For this, we choose III-nitride, specifically aluminum nitride
(AIN), which is one of the widest bandgap semiconductors with transparency from
200 nm to 15,000 nm with sophisticated manufacturing driven by large and growing
applications in optoelectronics, high voltage power transistors, and microwave am-
plifiers. AIN also has many great material properties that allow for active photonic

devices and methods for quantum emitter control.
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With AIN having a refractive index nap of around 2.1, we would need to choose
a substrate with refractive index smaller than that for light confinement and waveg-
uiding. For the low index substrate, we choose sapphire with ngpphire ~ 1.7, which
has an extremely large bandgap of 8.8 eV that has low optical loss from 200 nm to
5000 nm. Another key aspect for this choice of sapphire is that it is one of the most
commonly-used substrates for heteroepitaxy of AIN due to the 13% lattice mismatch
in the c-plane between AIN and sapphire [41]. 6H-SiC is another commonly-used sub-
strate for heteroepitaxy of AIN with an even smaller lattice mismatch for the c-plane
of < 1% [42], which would lead to a much better crystal quality of the AIN. However,
the refractive index of SiC (ngn_sic &~ 2.6) is much higher than that of AIN.

Figure 1-2 shows a concept overview of the quantum repeater hardware for build-
ing a quantum network that would be based on our AIN photonic integrated cir-
cuit platform. Ultimately, we imagine the AIN-on-sapphire chip to have a dynamic
photonic routing circuit that is composed of an optical mesh of cascaded tunable
Mach-Zehnder interferometers with phase shifters for accurately tuning the output
splitting, which can be used to interfere any two of the quantum emitters on the
chip. These phase shifters are also necessary to help compensate for fabrication im-
perfections that affect the splitting ratios of a directional coupler beamsplitter. This
programmable nanophotonic processor can also be used to implement any arbitrary
unitary optical transformations. This chip will also contain electrical wires for qubit
spin control. Finally, it would also have on-chip single photon detectors, or it can
even be interfaced off-chip with edge couplers to connect to other chips or quantum
nodes.

Chapter 2 of this thesis will present on the development of a new integrated pho-
tonics platform based on AIN-on-sapphire for the UV to visible spectrum. We will
demonstrate low autofluorescence and low defect density in the material platform, as
well as low propagation loss in the UV and visible spectrum. Then, we will show the
capability to fabricate various essential photonic devices for integrated quantum pho-
tonic processes, such as grating couplers, edge couplers, ring resonators, distributed

Bragg reflectors, and directional couplers.
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Figure 1-2: Overview of quantum repeater hardware for building a quantum network,
which uses NV centers in diamond as quantum registers. However, this hardware
architecture can also be applied to other emerging color centers in diamond or even
other semiconductor materials. We will use an AIN photonic integrated circuit for
dynamic photonic routing, and SNSPDs as on-chip detectors.

As the promising solid-state single photon emitters to-date are atomic color cen-
ters in wide bandgap materials such as diamond, silicon carbide, and hexagonal boron
nitride, which cannot be grown as sub-micron thin film on low refractive index sub-
strates necessary for photonic integration, there is great interest in discovering quan-
tum emitters in technologically mature thin film wide-bandgap semiconductors such
that the optically active defects would have ground and excited states within the
bandgap. AIN is one of the widest bandgap semiconductors and theoretical calcula-
tions have shown that AIN can serve as a stable environment for well-isolated single
photon emitters with optically accessible spin states [43]. Chapter 3 of this thesis

will demonstrate the experimental creation and characterization of high-purity single
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photon quantum emitters in thin film AIN grown on top of sapphire. The photophys-
ical properties of these emitters will be presented, as well as integration with photonic
integrated circuits patterned from the host AIN material. Although spin and detailed
optical linewidth measurements are left for future work, these results already show
the potential for high-quality QEs monolithically integrated in a wide range of III-
nitride device technologies that would enable new quantum device opportunities and
industrial scalability.

Chapter 4 shifts the focus to utilizing this AIN photonics platform for the better-
studied and leading solid-state quantum memories in diamond. As mentioned previ-
ously, heterogeneous integration is recognized as a scalable path to building a large
quantum network because one can in principle combine post-selection of qubits with
a foundry-based PIC technology. However, previous demonstrations assembled com-
ponents one-by-one, which presents a formidable scaling challenge. To date, no such
hybrid technologies have been achieved beyond the standard 2-5 qubit per chip. Here,
we will demonstrate a process for the high-yield heterogeneous integration of large-
scale, easily-transferable arrays of diamond nanobeams containing highly coherent
color centers onto a backbone of large-scale AIN integrated photonic circuitry, which
can be equipped with electrical lines for qubit control. This process is used to real-
ize a 128-channel, defect-free array of germanium-vacancy and silicon-vacancy color
centers in an aluminum nitride PIC. The inhomogeneities of individual color center
optical transitions can be compensated in situ by integrated tuning without linewidth
degradation. The ability to assemble large numbers of nearly indistinguishable and
tunable artificial atoms into phase-stable PICs marks a key step towards multiplexed
quantum repeaters and general-purpose quantum processors.

In Chapter 5, I will also show that this photonics platform can be extended to
emerging ultrabright, highly pure on-demand single-photon emitters in 2D materials,
particularly room temperature quantum emitters in layered hBN. I will also show
fabrication of niobium nitride single-photon detectors on AIN substrates, as well as
an architecture for multi-photon coincidence detection for use in a large-scale pho-

tonic system, which sets the groundworks for waveguide-integrated detectors onto
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this scalable platform.
Finally, in Chapter 6, I will give concluding remarks and perspectives on future

directions.
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Chapter 2

Aluminum Nitride-on-Sapphire

Integrated Photonics

Materials presented in this chapter have been previously published, and the text in
this chapter is reproduced from this publication (Optics Express 26 (9), 11147-11160
(2018) [44]).

2.1 Background and Properties of AIN

Aluminum nitride (AIN) is one of the widest bandgap (6.015 eV, ~205 nm) semicon-
ductors with attractive electronic and photonic properties, including transparency
into the ultraviolet (UV) regime (365 nm wavelength and shorter). This broad spec-
trum makes it attractive for applications including UV spectroscopy [45, 46], optical
waveguides for modular quantum computing with atomic memories [13, 47-50], non-
linear photonics throughout the UV to infrared [51], and solar-blind communications
[46]. Many atomic transitions are in the UV or visible (VIS) spectrum, including
Ytterbium ions (*™'YbT), Strontium ions (*¥Sr™), Barium ions (***Ba™), and nitro-
gen vacancy (NV) centers in diamond, which have important optical transitions at
369.5 nm, 422 nm, 650 nm, and 637 nm, respectively. Recent work demonstrates the
utility of integrated optics to perform quantum coherent operations on the optical

qubit transition of ®SrT at 647 nm [38]; the UV transmission of AIN-on-sapphire
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would also enable 8SrT initialization at 422 nm or driving the 369.5 nm wavelength
of ™Yb*. Autofluorescence of silicon nitride (SiN) presents a challenge for pump-
ing the diamond NV center at 532 nm [35]; this autofluorescence is greatly reduced
in AIN-on-sapphire, opening the path to large-scale photonic integrated circuits for
atom-like qubits in diamond.

Electro-optic modulation presents an important capability in many applications,
such as architectures for modular quantum computing. AIN has a relatively large
electro-optic coefficient, and fast electro-optic modulation (~4.5 Gb/s) has been
demonstrated with AIN’s high c-axis electro-optic coefficient (rs3 = 1 pm/V) using
sputtered AIN [52]. Piezo-electric actuation of photonic devices has also been shown
with optomechanical resonators [53] and can potentially achieve very high modula-
tion depth [54]. Lastly, AIN has a high second order nonlinear susceptibility x® (4.7
pm/V) [55, 56], as well as a third order nonlinear susceptibility with Kerr coefficient
comparable to that of stoichiometric SiN (the ny for transverse electric waveguide
mode in the (001) plane is estimated to be (2.3 £+ 1.5) x 10! ¢cm?/W) [57]. These
nonlinear properties allow for a number of nonlinear optical processes [58-60], includ-
ing second harmonic generation [55, 61], sum/difference frequency generation [62],
photon pair generation by spontaneous parametric down conversion [63], and four-
wave mixing [57, 64]. The combination of the large bandgap with these nonlinear and
electro-optic properties make AIN a promising platform for quantum devices and for
other high-performance optics applications.

Here, we present an UV /VIS photonics platform based on AIN grown by plasma
vapor deposition of nanocolumns on a sapphire substrate. X-ray diffraction shows
low defect densities, which will help minimize propagation loss. We demonstrate
essential photonic devices including ring resonators, distributed Bragg reflectors, and
directional couplers. We show ring resonators with high intrinsic quality factor (Q)
in visible (Q ~ 170k, loss ~ 5.3 dB/cm at 638 nm) and record-high quality factor
in UV (Q ~ 20k, loss ~ 75 dB/cm at 369.5 nm). We demonstrate both vertical and
edge coupling and compare them with simulation results. While autofluorescence is

a problem in materials such as SiN, we find it to be low in the AIN on sapphire

42



platform.

2.2 Material Analysis of AIN-on-Sapphire
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Figure 2-1: Properties of AlN-on-sapphire material. (a) Cross section illustrating
each layer of the wafer, along with their respective thickness; top inset: atomic force
microscopy scan of AIN film showing the nanocolumn size. Surface roughness is mea-
sured to be 0.9 nm RMS with 26.5 nm grain size (b) High resolution x-ray diffraction
(002) and (015) w scan of AIN. (c¢) (015) ¢ scan of AIN showing six-fold symme-
try wurtzite structure. (d) Refractive index measurements using ellipsometry. (e)
Background fluorescence from sapphire substrate (yellow), unpatterned AIN (blue),
patterned AIN (orange), and stoichiometric silicon nitride (purple). Top inset (pur-
ple): Fluorescence spectrum of SiN. Bottom inset (blue): Fluorescence spectrum of
AIN. (f) Background fluorescence from SiON top cladding, before (blue circles) and
after (orange squares) bleaching.

Figure 2-1a illustrates the commercially available AIN-on-Sapphire wafers from
Kyma Technologies, Inc., consisting of 430 um sapphire (Al,O3) with a 200 £ 10 nm
c-plane AIN film on the top layer, which is used for fabricating photonic integrated
circuits (PICs) in this work. The c-plane AIN is grown on top of the sapphire substrate
by pulsed DC magnetron sputtering, using a process called plasma vapor deposition of
nanocolumns (PVDNC™). This method produces an AIN thin film that is crystalline

with the [0001] direction parallel to the growth direction. Atomic force microscopy of
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the AIN thin film shown in the inset of Figure 2-1a indicates a flat surface with 0.9 nm
RMS roughness. High-resolution X-ray diffraction (HRXRD) measurements in Figure
2-1b indicate the high structural quality of the AIN thin film. The w scan of (002) and
(015) AIN peaks shows full-width-half-maximum (FWHM) of 0.12 degree and 0.20
degree respectively, while previous work of AIN thin films deposited on amorphous
silica reported a FWHM of the XRD rocking curve to be less than 2 degrees with a
1 degree FWHM resolution limit in their system [65]. The single crystalline wurtzite
structure across the wafer is evidenced by the (015) ¢ scan showing six-fold symmetry
[Figure 2-1c|. This flat surface and improved structural quality likely contribute to
the low waveguide loss described below. Figure 2-1d plots the measured refractive
index of the AIN film spanning from UV to VIS to near infrared wavelengths.
Figure 2-1e shows the power dependence of this platform’s background autofluo-
rescence using a scanning confocal microscope with a A = 532 nm excitation pump
laser (Coherent Verdi). A 0.95 numerical aperture (NA) microscope objective (Olym-
pus UMPlanF1 100x) is used for the scanning confocal microscope, and a 532 nm
notch filter as well as a 550 nm long-pass filter are used to filter out the 532 nm
excitation pump in the fluorescence collection path. The photoluminescence (PL) is
then fiber-coupled from free-space to a single-mode fiber via a 0.4 NA microscope
objective (Olympus MA 20). The fiber-collected PL signal is either detected using
single-photon avalanche photodiodes (Excelitas) or spectrally resolved on a grating
spectrometer (Princeton Instruments, Acton SP2500i). We are using the 4 um diam-
eter fiber facet as the pinhole for confocal imaging. Since the size of this fiber facet
is not matched perfectly to the spot size at the sample plane, we collect a portion of
the out-of-focus light. As such, when we measure the AIN autofluorescence, we are
also pumping the underlying sapphire that is out-of-focus and collecting a portion of
the sapphire PL. This claim is supported by the fluorescence spectrum of the AIN,
which is shown in the bottom inset spectrum of Figure 2-1e. The AIN fluorescence
spectrum is identical to that of the sapphire (not shown), which is in agreement with
the fluorescence spectrum of sapphire found in literature [66]. The narrow lumines-

cence double peaks at around 695 nm correspond to the ruby luminescence from the
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’E — *A, transitions of Cr®* ions that are substitutional in the Al sublattice.

For comparison, Figure 2-1e also shows the autofluorescence results of a SiN sam-
ple under the same excitation and collection conditions; the fluorescence spectrum
of SiN is also shown in the top inset of Figure 2-1le. The SiN sample has close to
four times the amount of fluorescence intensity as AIN; however, the amount of aut-
ofluorescence is dependent on the SiN composition and method of deposition [67].
Furthermore, the PL from pumping the AIN is mainly from the underlying sapphire
substrate. Spectrally, this sapphire fluorescence is concentrated in a narrow band
sapphire Cr line at around 695 nm, which can be easily filtered out by a notch filter.
This is more favorable for quantum applications compared to the broadband SiN PL
from 620 nm to 780 nm, which overlaps spectrally to NV in diamond spectrum [35].
A low autofluorescence makes AIN promising for interfacing with atomic transitions
of ions [68], neutral atoms [69], and atom-like defects in diamond [35]. Ultimately the
maximum allowed background count highly depends on the applications and protocol
of the experiment. As long as the background fluorescence is optically detuned from
the optical transitions of the quantum system one is working with, sufficient filtering
can be achieved to improve signal-to-noise ratio.

Initially after deposition, the SION cladding (to be discussed later) exhibits some
fluorescence comparable to SiN, but we found that the SiON fluorescence can be
bleached away by optically pumping the material with the excitation laser, as shown
in Figure 2-1f. This photobleaching method of the SiON top cladding did not have
any effect on the AIN or SiN materials.

2.3 AIN Thin Film Fabrication Process

Figures 2-3, 2-4, and 2-5 demonstrate the various essential optical components, de-
signed for top-cladding with either (i) Poly(methyl methacrylate) (PMMA), which
has a refractive index of npymva & 1.50 to 1.49 in the wavelength range of 500 nm to
700 nm, or (ii) silicon oxynitride SiOxNy (SiION), with a refractive index matched to
the underlying sapphire (ngapphire ~ 1.76 to 1.75 in the wavelength range of 360 nm to
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Figure 2-2: (a) AIN on sapphire photonics fabrication process: (i) Start off with
an unpatterned AIN-on-sapphire chip diced up from a whole wafer. (ii) Spin coat
HSQ (2% XR-1541), pattern using electron beam lithography, and develop using an
aqueous mixture of 1 wt % NaOH and 4 wt % NaCl for high contrast. (iii) Etch by
ICP-RIE using chlorine chemistry. (iv) Strip HSQ. (v) Clad with silicon oxynitride
using plasma-enhanced chemical vapor deposition (PECVD). (vi) Edge polish for
making the inverse-tapered edge couplers. (b) Scanning electron microscope (SEM)
image of a fabricated AIN waveguide at a 50 degrees tilted view. (c¢) Transversal
component of TE mode in AIN waveguide for PMMA and SiON cladding for 638 nm
(top) and 400 nm (bottom) wavelengths. The dimensions of the waveguide for 638
nm wavelength are 450 nm wide x 200 nm thick. The dimensions of the waveguide
for 400 nm wavelength are 250 nm wide x 200 nm thick.

480 nm) by adjusting the composition of oxygen and nitrogen to achieve a refractive
index between that of silica (1.45) and silicon nitride (2.1). The PMMA cladding is
used for the devices and measurements in the VIS wavelength range of 500 nm to 700
nm, while the SION cladding is used for the devices and measurements in the UV

wavelength range of 360 nm to 480 nm.
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Figure 2-2a outlines the complete fabrication process. The process starts off with
an unpatterned 1 cm x 1 cm AlN-on-sapphire chip diced from a whole wafer. Then,
hydrogen silsesquioxane (2% XR-1541) is spun on after deposition of a 5 nm thick Cr
discharge layer via electron beam evaporation. The hydrogen silsesquioxane (HSQ)
film thickness is measured to be ~70 nm by using an AFM to measure the step
feature profile after patterning. The patterns are written with an Elionix ELS-F125
electron beam lithography system at 125 kV. The patterns are developed using a
salty developer, which is an aqueous mixture of 1 wt % NaOH and 4 wt % NaCl, for
high contrast [70]. The AIN waveguides and photonic components are etched at an
etch rate of 200 nm/min by inductively coupled plasma reactive-ion etching (ICP-
RIE) using a gas mixture of BCl3/Cly/Ar. We do not observe a significant change
in the surface roughness from the etching, and a sidewall angle close to 90 degrees is
achieved due to the combination of physical sputtering and plasma chemical etching.
The BCl3/Cly/Ar chemistry ICP-RIE etch does not result in any noticeable etching
of the underlying sapphire substrate. Hence, the underlying sapphire acts as an etch
stop layer in which we can overetch the AIN to ensure that it is completely cleared
through without creating a sapphire ridge underneath the AIN waveguide structures.
The Cr and HSQ are lastly removed with Cr etchant and buffered oxide etch (BOE),
respectively. Figure 2-2b shows a scanning electron microscope (SEM) image of the
fabricated AIN waveguide. Finally, the waveguides are clad with approximately 3
microns of SION using plasma-enhanced chemical vapor deposition (PECVD) or spin
coated with approximately 2 microns of PMMA. In the case where the chip is cladded
with SiON, the edges of the chip are mechanically polished back to the inverse-tapered

waveguides for edge coupling.

2.4 High Efficiency Off-Chip Coupling Methods

Figure 2-3 highlights two methods to couple light into and from the PIC: grating
couplers and inverse-tapered edge couplers. Due to the narrow frequency response of

grating couplers, two different grating couplers are used for testing components in the
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Figure 2-3: (a) SEM images of the grating couplers. First gap of the grating coupler
is 60 nm, and the gaps are linearly increasing. Curvatures are set to be matched
with mode evolution so that there is no reflection. Top: green spectrum grating
coupler. Bottom: red spectrum grating coupler (b) Green line: simulated coupling
efficiency vs. wavelength plot of green-spectrum grating coupler optimized for 500 to
600 nm. Black line: measured experimental transmission intensity vs. wavelength
plot of green-spectrum grating coupler. (c¢) Red line: simulated coupling efficiency
vs. wavelength plot of red-spectrum grating coupler optimized for 600 to 700 nm.
Black line: measured experimental transmission intensity vs. wavelength plot of red-
spectrum grating coupler. (d) Fiber edge coupling to the waveguides at 369.5 nm
using Nufern SM300 fiber. (e), (f) Free-space edge coupling using aspheric lenses into
waveguides that are designed to be single mode in the transverse electric polarization
at 468 nm and 369.5 nm, respectively.

visible wavelength from 500 nm to 700 nm wavelength: a green wavelength grating
coupler optimized for 500 nm to 600 nm [shown in the top SEM image of Figure 2-3a]
and a red wavelength grating coupler optimized for 600 nm to 700 nm [shown in the
bottom SEM image of Figure 2-3a]. Figures 2-3b and 2-3¢ show comparisons between
the simulated coupling efficiency spectra and the experimentally measured transmis-
sion spectra for the green and red wavelength grating couplers, respectively. The
general shape of the experimental grating coupler transmission spectra matches well
with the simulated coupling efficiency spectra. The experimental coupling efficien-
cies are listed in arbitrary units because we do not experimentally mode-match the

spatial modes of the grating coupler and collection objective. The peak experimental
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transmission intensity for the green wavelength grating coupler is 0.1544 [a.u.] at
532.9 nm, while the peak experimental transmission intensity for the red wavelength
grating coupler is 0.1565 [a.u.] at 625.3 nm.

Both green and red wavelength grating couplers are optimized for TE polariza-
tion, so the simulated coupling efficiencies model the collection of TE polarized light
injected into the 450 nm wide by 200 nm tall AIN waveguide on bulk sapphire and
scattered by the grating coupler. For the green wavelength grating coupler, the first
gap width is 60 nm and the first grating period is 285 nm. Then, the gap width
and grating period both linearly increase from 101 nm and 325 nm to 150 nm and
346 nm, respectively (increasing linearly in each period for 17 periods). Finally, the
gratings maintain a gap width of 150 nm and a grating period of 346 nm for the
remaining 9 periods. In a similar fashion, for the red wavelength grating coupler, the
first gap width is 60 nm and the first grating period is 285 nm. Then, the gap width
and grating period both linearly increase from 101 nm and 401 nm to 132 nm and
414 nm, respectively (increasing in each period for 10 periods). Finally, the gratings
maintain a gap width of 132 nm and grating period of 414 nm for the remaining
10 periods. For both the green and red wavelength grating couplers, the dimensions
of each individual grating period are optimized in order for the spatial mode profile
of the diffracted light to be a Gaussian field profile. The grating couplers are also
designed to be cladded with PMMA, rather than simple air cladding, in order to in-
crease the out-of-plane coupling efficiency by pulling more of the optical mode away
from the underlying sapphire substrate as PMMA has a higher refractive index than
air. Both grating couplers are designed for an etch depth of 200 nm in order for ease
of fabrication so that the grating couplers and waveguides can be fabricated in the
same steps with no additional processing. Therefore, we believe grating couplers with
even higher collection efficiency can be achieved with partially etched gratings. All
measurements done in the VIS wavelength range of 500 nm to 700 nm use grating
couplers for coupling light into and out of the chip.

Next, the fiber edge coupling is shown in Figure 2-3d, with UV fiber (Nufern
SM300) and an excitation wavelength of 369.5 nm. Figures 2-3e and 2-3f show free-
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space edge coupling using aspheric lenses into waveguides that are designed to be
single mode in the transverse electric polarization at 468 and 369.5 nm, respectively.
The inverse-tapered waveguides adiabatically transform and expand the AIN waveg-
uide mode to the fiber waveguide mode at the chip’s edge facet. As such, for the
inverse-tapered edge couplers, a SiON cladding is used in order for the refractive in-
dices of the materials surrounding the AIN waveguide to be to be uniform such that
the AIN waveguide mode can be expanded in a circularly symmetric way in order to
match to the Gaussian mode of a fiber at the chip’s edge facet. All measurements
done in the UV wavelength range of 360 nm to 480 nm use edge couplers for cou-
pling light into and out of the chip. It is difficult to quantify the experimental edge
coupling loss based on the sources of loss we have. In measuring the transmission
loss of sending light into the input edge coupler facet and collecting from the output
edge coupler facet, the light propagates along a waveguide that spans across multiple
electron beam lithography write fields. At each write field boundary, a dislocation
of the waveguide due to stitching errors result in scattering points that contribute to
the overall facet-to-facet transmission loss. As such, measuring the transmission loss
is not an accurate estimation for the edge coupler coupling loss. However, we are able
to achieve at least 40% transmission from input edge facet to output edge facet in

our devices.

2.5 High-Q Ring Resonators

Figure 2-2c¢ shows simulated electric field profiles of the AIN waveguide modes for
PMMA and SiON cladding for 400 nm and 638 nm wavelengths. The waveguides sup-
port a single transverse electric (TE) mode for their respective wavelengths. Wrapping
these waveguides into rings produces high () resonators. The ring resonator measure-
ments are summarized in Figure 2-4. Figure 2-4b shows the response at 369.5 nm of
the 40 um radius ring resonator cladded with SION around resonance; a Lorentzian
fit indicates a @ of >24,000. The resonance in the ring is measured by mapping the

intensity of the light scattering from the ring by means of a UV sensitive camera
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placed in a microscope above the device. After measuring several devices with in-
creasingly larger waveguide-ring gaps and finding the coupling of the waveguide to the
ring decreases each time without transitioning from overcoupled regime to critically
coupled regime to undercoupled regime (or at least just from the critically coupled
regime to undercoupled regime), we find the smallest waveguide-ring gap resonator
to be undercoupled. Since the resonator is undercoupled, the ring resonance cannot
be measured directly through an access bus waveguide. Hence, the data shows a
resonance peak rather than a dip. Figure 2-4c¢ shows the quality factors of various
40 pm radius ring resonators measured using an optical spectrum analyzer (OSA)
for various sampled resonance wavelengths spanning from 380 nm to 480 nm, along
with the quality factors at around 369.5 nm using both a frequency doubled pulsed
Ti:Sapphire laser (Spectra-Physics Mai Tai) and a continuous-wave (CW) tunable
Ti:Sapphire laser (M Squared SolsTiS). The spacings between the sets of sampled
wavelengths are not indicative of the ring resonator’s Free-Spectral-Range (FSR).
Rather, the Free-Spectral-Ranges of the various 40 um radius ring resonators that we
measure from 360 nm to 480 nm span from 0.22 nm to 0.4 nm. If we assume that the
propagation loss is dominated by the sidewall scattering loss and linear absorption
loss of the material, then we can estimate the propagation loss using the following

equation for calculating the loss rate a given the resonator ), where n, is the group

index [71-75]:

2mng
= 2.1
Q="1" 21)
Then, the loss can be calculated by:
loss = 10log,, (e%) (2.2)

To calculate the loss in units of dB/cm, A in Eq. (2.1) should be in units of cm.
Thus, the @ of >24,000 at 369.5 nm wavelength corresponds to a propagation loss of
75 dB/cm, where we measure the ny to be 2.45 experimentally from the FSR of the
ring by the equation:
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where L is the length of one round trip around the closed cavity.
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Figure 2-4: (a) SEM of the ring resonator. Inset shows a close up of the ring resonator
at a 50 degrees tilted view. The gap between the waveguide and the ring is 300
nm for the undercoupling regime, which was used to verify the unloaded Q. (b)
Wavelength response at 369.5 nm of the ring resonator cladded with SiON around
resonance. The Lorentzian fitting shows a @ of >24,000. (c) Quality factors of
40 pm radius ring resonators measured using an optical spectrum analyzer (OSA)
for wavelengths spanning from 380 nm to 480 nm, along with the quality factors at
369.5 nm wavelength using both frequency doubled pulsed and continuous-wave (CW)
Ti:Sapphire lasers. (d) Wavelength response at 637 nm of the ring resonator cladded
with PMMA around resonance. The Lorentzian fitting shows a () of >140,000. Inset
shows a zoom-in of the wavelength response.

Figure 2-4d shows the frequency response of a 50 pm radius ring resonator cladded
with PMMA around resonance in the red wavelength range. We probe the 50 pm
radius ring with an evanescently coupled access waveguide. The Lorentzian fitting
shows a loaded @ of >140,000 at 638 nm, and we measure the n, to be 2.15 experi-
mentally from the FSR of the 50 um radius ring. In order to obtain the intrinsic @

of the ring resonator, we can use the following [71-75]:

20
1+ VT

where @); is the intrinsic ), @; is the loaded @), Tj is the normalized transmitted

Qi (2.4)
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power at the resonance wavelength, and the + and — signs correspond to under-
and over-coupled regimes, respectively. Since the ring resonator is operating in the
undercoupled regime, we find the intrinsic ) to be >170,000, which corresponds to a
propagation loss of 5.3 dB/cm.

These ring resonators are useful for measuring the waveguide propagation loss
(in the undercoupled regime). In the critically coupled regime, or in a drop-port
configuration, they serve as on-chip filters as needed for filtering atomic fluorescence,
for example [35]. They can also be used for on-chip photon pair generation [63].

In terms of ring resonator performance, the PMMA cladding should be better
than SiON since the PMMA can flow into the gap between the ring resonator and bus
waveguide in order to completely fill that up. By nature of PECVD deposition, the
SiON cannot completely fill in the gap between the ring resonator and bus waveguide.
However, the SION is necessary for making edge couplers with high coupling efficiency
and mode matching to a fiber, so SION is used for cladding the ring resonators with
resonance at around 369.5 nm. Furthermore, since PMMA is a polymer, it is not

suitable for UV wavelengths due to autofluorescence.

2.6 High Extinction Distributed Bragg Reflectors
and On-Chip Beamsplitters

Distributed Bragg reflectors (DBRs) represent another important PIC component as
broadband on-chip reflectors and filters. To further support this point, we develop a
distributed Bragg reflector with high extinction for 532 nm for use as on-chip filtering
of the excitation pump light used for exciting NV centers in diamond. The DBR has a
period of 140 nm with 50% duty cycle, and it is designed to have an adiabatic tapering
from the regular waveguide into the DBR in order to have low insertion loss. Also,
the DBR is designed to structurally have rounded features for ease of fabrication.
Figure 2-5a shows an SEM image of the fabricated DBR. The overlay blue plot in
Figure 2-5b shows the simulated transmission spectrum for the DBR, which has 45
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dB extinction for the 532 nm green pump light. The black plot in Figure 2-5b shows
at least 13 dB extinction experimentally for the DBR. We expect the extinction to
be even higher because the attenuated 532 nm signal was at the noise floor of our
experimental system.

The decreased transmission of the DBR simulation at wavelengths around 500 nm
is due to the third order TE mode at around 500 nm wavelength for the ~735 nm
wide waveguide portions of the DBR. At the wider sections of the DBR, the first
order TE mode can couple with this mode, which is leaky since it cannot propagate
through the entirety of the DBR due to the fact that the third order TE mode is not
allowed at the narrower sections of the DBR.

Figure 2-5¢ shows a directional coupler with a 50/50 splitting ratio, which is the
integrated photonics equivalent of a free space beamsplitter, for the wavelength of 637
nm. The directional coupler is intended to be used with PMMA cladding. Directional
couplers coherently couple between adjacent waveguide modes and can be used as a
building block for Mach-Zehnder interferometers (MZIs) [76]. Figure 2-5d shows the
power at the output two arms of the directional coupler as the length of the straight,
parallel waveguides portion of the coupling region (denoted as ”Coupling Length”)
is swept for different devices. The gap between the two straight, parallel waveguides
in the coupling region is 200 nm. A coupling length of 14 wm results in a 50/50
splitting ratio. We subtract the power measured at each of the two output ports of
the directional coupler by the background noise. Since the power at the output port
2 for a coupling length of 0 um is at the noise floor of our system, we get that there is
zero transmission for port 2. The same can be said about output port 1 for a coupling
length of 25 pum.

Theoretically, for a pair of coupled waveguides with the same geometry and di-
mensions, the fraction of cross-coupled power K is given by the following, where An
is the effective refractive index difference between the symmetric and antisymmetric

supermodes and L is the length of the directional coupler [77]:

(2.5)

K = sin? (WLAH)
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By using a mode solver to calculate An and solving for Eq. (2.5) to get 50/50
splitting ratio (K = 0.5), we get that L should be 23 um. However, this does not take
into account the coupling from one waveguide into the other as the two waveguides
are brought to the desired separation of 200 nm in the evanescent coupling region
via waveguide bends. In simulating the full directional coupler structure with the
evanescent waveguide coupling region and bent region, we find a coupling length of

14 pm necessary for achieving 50/50 splitting, matching well to the experimental

result.
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Figure 2-5: (a) SEM of the distributed Bragg reflector (DBR) with adiabatic tapering
for low insertion loss. Inset shows a zoom-in of the DBR. (b) Simulated and measured
transmission vs. wavelength for the DBR. In simulation, we achieve 45 dB extinction
for 532 nm green pump light typically used for NV excitation. Experimentally, we
achieve >13 dB extinction for 532 nm. (¢) SEM of directional couplers with 50/50
splitting ratio at a 50 degrees tilted view. Inset shows a zoom-in of the directional
couplers at a 50 degrees tilted view. (d) Measured transmission power at the two
output ports of the directional couplers as a function of coupling length in the straight,
parallel waveguides region.
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2.7 Conclusions and Outlook

The UV propagation loss shown here at 369.5 nm is several tens of orders of magni-
tude lower than the propagation loss shown by Stegmaier et al. for 400 nm wavelength
in an AIN on SiO, platform [78]. Furthermore, the crystalline materials in our AIN
on sapphire platform allow for refined Raman and other parasitic processes to be lo-
calized and minimized [79]. Although the UV single mode propagation loss presented
here is higher than that shown in SiN-on-SiO; multimode and planar waveguides
for wavelength at the lower end of the visible spectrum [80, 81] and silica-on-silicon
waveguides in theory for UV and VIS [82, 83], SiN-on-SiO; and silica~on-silicon plat-
forms are limited to passive components and thermo-optic tuners [84]. Furthermore,
silica waveguides are typically a couple of microns in dimension with large bend radii
and are not ideal for compact, high-density, large-scale photonic integration. Hence,
our AIN on sapphire platform, to date, has the record-low waveguide propagation loss
down to UV wavelength for active optical materials with x® properties and supports
chip-scale, compact, CMOS-compatible integration [78, 85]. Nonetheless, we believe
that there are many sources of loss that can be eliminated or improved upon. One of
the main causes for the propagation loss is interface scattering from the roughness of
the AIN waveguide sidewalls from etching. To reduce the propagation loss by a few
orders of magnitude, one can engineer the waveguide dimensions such that the optical
mode overlaps minimally with the sidewalls so that the light scatters minimally from
the waveguide’s faces [71]. Furthermore, the current waveguide fabrication is opti-
mized for vertical sidewalls so that the photonic components experimentally match
well with the simulated design. As such, the reactive-ion etching necessitates a fast
physical etch that causes the sidewalls to be rougher than could be possible with a
more chemical etch. Sidewall roughness of less than 0.1 nm is often the benchmark
for achieving interface scattering close to that of the bulk scattering limit of optical
materials [86]. It may be possible to further optimize the etching parameters to re-
duce loss. In addition, there is an inherent roughness of the top surface of the AIN

thin film from the unoptimized growth. As AIN grown on top of sapphire is still
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not at the level of silicon on insulator (SOI) wafers made by Smart-Cut® technol-
ogy used in conventional integrated photonic platforms [87], we expect there to be
room for improvements. Finally, the AIN thin film we use is crystalline in the growth
direction and polycrystalline in the in-plane direction. Replacing this material with
a completely crystalline AIN thin film grown on top of sapphire should result in a
lower dislocation density and defect density, thereby improving the purity of our ma-
terial so that it would behave closer to what is expected of bulk AIN. Furthermore,
the crystallinity of single-crystal AIN grown on top of sapphire has been shown to
improve significantly by high temperature annealing [88]. The nonlinear suscepti-

2 and x® of AIN are material dependent and approximately independent

bilities !
of the film crystallinity, even when taking into account small variation due to crys-
tal stress/strain during growth. However, the effective nonlinearity experienced for
nanocrystalline AIN will have a reduced percentage of that intended crystal axis in
the field propagation direction of the waveguide mode, thus reducing the effective
nonlinearity when compared to epitaxially grown single crystal AIN. As such, further
improvements on the crystallinity of AIN thin film grown on top of sapphire would
be beneficial for nonlinear applications as well.

Table 2.1 shows a comparison of this work with other previously demonstrated
UV/VIS photonics platforms that are chip-scale and highly compact, particularly
AIN on SiO, and SiN on SiO,. This work shows the highest demonstrated resonator
Q@ factor in the UV, as well as higher VIS resonator ) factor than in previous AIN
on SiO work [51]. As the AIN thin film shown in this work is crystalline with fewer
absorptive defects and dislocation density than the polycrystalline AIN in previous
work, AIN on sapphire can in principle support wavelength into the deep UV; SiN
has been shown to have significant optical absorption in wavelengths less than 470
nm and down into the UV range due to silicon incorporation into the layers inherent
in the SiN growth [89]. Due to this, even though state-of-the-art SiN on SiOy has
lower single mode waveguide loss compared to AIN single mode waveguides in the
visible wavelength, AIN photonics platforms have the capability to operate in the

UV regime. Furthermore, AIN has a high piezoelectric coefficient and moderately
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high electro-optic coefficient compared to materials used in commercially available
phase and amplitude modulators, allowing for active optical components. Finally,
AIN’s high thermal conductivity £ and small thermo-optic coefficient dn/dT allows
devices to be less sensitive to temperature fluctuations, which is important for its
many potential applications that require high-precision manipulation, routing, and
read-out.

In conclusion, we have demonstrated a PIC platform based on the crystalline,
wurtzite AIN on top of a sapphire substrate. Both AIN and sapphire are wide bandgap
(6.015 eV [90] and 8.8 eV [91], respectively) and transparent from the UV to the mid-
infrared [52, 92, 93]. We observe record-high quality factors exceeding 20,000 down
to 369.5 nm, which corresponds to record-low propagation loss at 369.5 nm for active
optical materials that have y® properties. The nonlinear, electro-optic, and piezo-
electric properties of AIN make it a promising active material for controlling and
connecting atomic and atom-like quantum memories, as well as for other applications

such as UV spectroscopy and solar-blind communications.
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AIN on sapphire
AIN on SiO4 [51, 52] SiN on SiO4 [94, 95]
(this work)
Resonator Q@ = 24k (369.5 nm) Q = Tk (410 nm)® [96]
Q = 4.4k (290 nm)™ [97]
Q factor @ = 140k (638 nm) Q@ = 110k (774 nm) [51]
Supporting UV (~210 nm) to IR
UV (~320 nm) to IR [51] | VIS (~470 nm) to IR [80]
wavelength [52, 92, 93]
Polycrystalline
Crystallinity Crystalline Stoichiometric
(c-axis grown)
Active electro-optic: rg3 = ~1 pm/V electro-optic: 8.31 fm/V
properties piezoelectric: dsz3 = ~5 pm/V [93, 98, 99] [100]

Single mode

75 dB/cm (369.5 nm)®) | 650 dB/cm (400 nm) [78]

< 1dB/em (532 nm)
[101]

WG loss 5.3 dB/cm (638 nm)®) 6.4 dB/cm (774 nm)©)
1.5 dB/cm (850 nm) [102]
Thermal
k=14 W/mK
properties Kk =285 W/m-K _
dn/dT = 1.0x10°5 /K
(waveguide dn/dT = 2.32x10° /K [52] 103
103
material)

a) AIN disk resonator on Si pedestal

b)

Disk resonator

©) Loss estimated from resonator @ factor

Table 2.1: Comparison of different UV /VIS photonics platforms.

2.8 Supporting Information

This section includes useful technical details for this chapter.

2.8.1 AIN Photonics Fabrication Recipe

While mentioned briefly earlier. Here, we will give a detailed list of the steps and

tools with known model numbers that were used for the AIN photonics fabrication
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recipe.

1. Spin coat Shipley Microposit S1813 positive-tone photoresist on an as-received
AlN-on-sapphire whole wafer at 3000 rpm for 60 seconds with an acceleration
of 1000 rpm/s, followed by baking at 85°C for 3 minutes. This is an uniform

protective layer for dicing the wafer into smaller chips.

2. Using an automatic dicing saw (DISCO DAD-3240), dice the whole wafer into

1 cm x 1 c¢m chips.

3. Clean the 1 cm x 1 c¢m unpatterned chips with sonication in acetone for 10

minutes, methanol for 5 minutes, and isopropyl alcohol for 5 minutes.

4. Use the electron beam evaporator (Temescal VES2550) to deposit 5 nm of Cr
on top of the AIN layer at a rate of 1 A/s.

5. Treat the chip with oxygen plasma treatment under 100 W for 3 minutes to

improve electron beam adhesion.

6. Spin coat hydrogen silsesquioxane (HSQ) (2% XR-1541) at 2000 rpm for 60

seconds with an acceleration of 1000 rpm/s, with no subsequent baking.

7. The HSQ patterns are written with an Elionix ELS-F125 electron beam lithog-

raphy system at 125 keV using a dose of 10,000 uC/cm? and 1 nA beam current.

8. Develop in salty developer, which is an aqueous mixture of 1 wt% NaOH and 4
wt% NaCl (for high contrast) for 2 minutes 40 seconds, followed by 10 minute
rinse in deionized water to stop development and ensure cleaning away of any
residual salt. Then immerse in isopropyl alcohol for 1 minute, followed by gentle

nitrogen air drying to not damage the structures.

9. After HSQ mask patterning, the pattern is first transferred to the Cr layer
at an etch rate of 55 nm/min for 1 min to ensure complete breakthrough of
the Cr layer by electron cyclotron resonance reactive-ion etching (ECR-RIE)

(Plasmaquest Series 11 Model 145) using a gas mixture of Cly/O4 (3:1 ratio) at
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10.

11.

12.

300 W ECR power, 30 W RF Bias power, 10 mTorr pressure, and 25°C. After
this step, the side view of the chip looks like the following:

HSQ HSQ
Cr Cr

AIN (200 [nm])

Sapphire

Figure 2-6: Side view of chip after HSQ patterning and Cr dry etch.

Then, the AIN waveguides and photonic components are etched by inductively
coupled plasma reactive-ion etching (ICP-RIE) (SAMCO 200iP) using a gas
mixture of BCl3/Cly/Ar in two steps. The first step is for etching the native
aluminum oxide at an etch rate of 5 nm/min using BCl; /Ar (2:1 ratio) at 120
W ICP power, 40 W RF Bias power, 7.5 mTorr pressure, and 40°C for the
sample holder. The second step is for etching the AIN at an etch rate of 200
nm/min using Cly/Ar (4:1 ratio) at 360 W ICP power, 100 W RF Bias power, 5
mTorr pressure, and 40°C for the sample holder. We do not observe a significant
change in the surface roughness from the etching, and a sidewall angle close to
90 degrees is achieved due to the combination of physical sputtering and plasma

chemical etching.

HSQ is removed with 10 seconds in buffered oxide etch (BOE), followed by
rinsing in deionized water for at least 10 minutes while cleaning up the acid
bench. Then, Cr is removed with a 1 minute dip in Cr-7 etchant, followed by
5 minutes in deionized water to clean off the Cr-7, followed by 1 minute in
isopropyl alcohol. Then, gentlly air-dry the chip with nitrogen to not damage

the structures.

To clad the chip with PMMA, A11 PMMA is spun on at 4000 rpm for 60 seconds
with an acceleration of 1000 rpm/s, followed by baking at 180 °C for 2 minutes.
Otherwise, SiO<Ny is cladded with the recipe listed in the next section.
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13. Prior to edge polishing, the chip is spin coated with photoresist to protect the
top surface from polishing debris. Then, the edge polishing is done with stan-
dard mechanical polishing process performed with an Allied Multiprep Polisher
by sequentially reducing the grit sizes (30 wm to 0.1 wm) until the polished
facet is within the edge coupler taper region. Following polishing, the chips
are soaked in acetone for 1-2 minutes to strip the resist and remove polishing
particulates, followed by a rinse of methanol or isopropyl alcohol. More details

provided in reference [104].

2.8.2 SiOxN, Cladding Recipe

The waveguides are clad with approximately 3 microns of SiOxN, using plasma-
enhanced chemical vapor deposition (PECVD) by the parameters shown in Table
2.2 using an Oxford 100 PECVD system, with deposition rates determined with test

silicon samples prior to actual deposition.

LF Pulse HF Pulse | Chamber Chamber
S iH4 NH 3 N 2 O N2
Power | Time | Power | Time | Pressure | Temperature

W) | () | (W) | (s) | (mTorr) (°C) (scem) | (scem) | (scem) | (scom)

160 12 200 8 1900 350 20 70 50 1425

Table 2.2: SiON Process Conditions in Oxford 100 PECVD System

2.8.3 Ion Milling for Edge Coupler Fabrication

While conventional mechanical polishing to make edge couplers in our photonics plat-
form is possible, the process sometimes suffers from delamination of both the highly-
stressed SiO«Ny cladding material and sometimes the edges of the waveguides due
the lateral shear forces of mechanical polishing. Edge coupling of fibers to integrated
photonic waveguides can in theory allow for low loss, large bandwidth coupling, but

it also depends strongly on the facet’s polishing quality. The imperfect edge polishing
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results in facets where it may then be impossible to directly couple to the chip by
fiber or using free-space optics due to significant scattering sites or distortions in the
waveguide facet optical mode, leading to mode mismatch at the edge interface. As
such, it is necessary to develop an alternative process for producing edge couplers
with high yield repeatably. Plasma etching the edge facets is not possible due to
the high chemical etch resistance of sapphire compared to AIN and SiON. Hence, we
considered ion milling to produce optical-grade quality facets in our photonics plat-
form. This work was led by our collaborators in Professor Stefan Preble’s group at
Rochester Institute of Technology [104].

After the last step of the AIN photonics fabrication recipe listed above in which
the chip is mechanically edge polished after deposition of SiOxNy in the step prior, the
stress in the SiO4xN, cladding would sometimes lead to facet and waveguide damage
during polishing like what is shown in Figure 2-7a. As a result of the damage to the
facet, waveguide, and cladding in some areas, neither fiber coupling nor free space

coupling were possible. These chipped facets were then salvaged by ion milling.

30 um
|

Magnification: X2000.0 'g .

Figure 2-7: (Left) 2000x optical micrograph of the chipped facet from conventional
mechanical edge polishing. Notably the cladding and waveguide often delaminate
together which prevents direct end-fire fiber coupling and free space coupling. (Right)
2000x micrograph of the same optical chip with an ion milled facet suitable for fiber
or free space coupling.

The chips were ion milled using a JEOL IB-09100CP cross-section polisher. The

process is as followed:
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1. Mount with wax on the metal chuck of the ion mill.

2. Align the chip such that 40 um to 60 pwm of the chip edge containing the

waveguide edge tapers is exposed for milling.

3. Set the accelerating bias to 6.5 keV, with 6 to 7 sccem of Ar gas. Etch for 3
hours to polish a facet region that is 1 mm wide by at least 70 um deep to fit
a bare SM300 fiber that has a 125 um diameter.

4. Remove the chip and soak in acetone for 1-2 minutes to remove the mounting

wax, followed by a rinse with methanol then isopropyl alcohol.

The resulting is shown in Figure 2-7b, where there are minimal defects at the facet
due to the absence of pressure that the chip typically experiences during mechanical
polishing that may cause delamination, chipping, and cracking of the SiO«Ny cladding
and AIN waveguide. Figure 2-8 shows a cross-section profile of the facet after ion
milling, highlighting the smooth optical-grade quality of the ion-milled facet. After
reclamation of the facet with this method, we can then couple to waveguides that we
could not previously couple to. This process can be used as an alternative polishing
method resulting in facets that are comparable to, if not better than, conventional
polishing methods, but this process is also much more reproducible with high yield.
However, this process takes 3 hours to polish a region that is only 1 mm wide and
does not result in a flat, uniform edge facet, so this may have to be developed further
if we would like to use this method to produce an array of edge couplers to directly
couple to a fiber array. Nonetheless, it is a very useful method to salvage test devices

that would otherwise be useless.
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Magnification: X200.0

Figure 2-8: 200x optical micrograph of ion milled facet. (Inset) Waveguides array
along the top edge.
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Chapter 3

Bright high-purity quantum
emitters in aluminum nitride

integrated photonics

Materials presented in this chapter have been previously uploaded onto arXiv, and
the text in this chapter is reproduced from this arXiv preprint (arXiv:2006.16276
(2020) [105]).

3.1 Background on Single Photon Emitters Based
on Atomic Defects

Quantum emitters (QEs) with on-demand single photon emission are central building
blocks for photonic-based quantum communication and quantum computation [2, 6].
Over the past decade, crystal defect centers in wide-bandgap semiconductors have
emerged as excellent solid-state QEs. In particular, a variety of color centers in
diamond [17, 29, 30, 106, 107], 4H silicon carbide (SiC) [108, 109], and 6H SiC [110]
have been demonstrated to have stable optical transitions coupled to long-lived spin
ground states at room and cryogenic temperatures, resulting in spin-dependent single

photon emission. The spin-photon interface provides access to electron spin states or
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indirectly to nuclear spin states, which can serve as quantum memories for quantum
information processing [1, 111] and quantum-enhanced sensing [112].

Although these QEs in diamond and SiC have the leading properties amongst
solid-state emitters, there is a lack of active chip-integrated photonic components
and wafer-scale thin film single-crystal diamond or SiC on low-index insulator, which
limit the scalability of monolithic quantum information processing architectures in
these materials. Hence, there is increased interest in exploring QEs in other mate-
rial systems that can support both high-quality QEs and monolithic integration of
wafer-scale photonic integrated circuits (PICs). Recently, alternative wide-bandgap
materials such as two-dimensional hexagonal boron nitride (2D hBN) [113], gallium
nitride (GaN) [114], and aluminum nitride (AIN) [115] have attracted attention as
potential host materials for quantum emitters due to their single-crystal heteroepi-
taxy of thin film materials or the possibility to be integrated to any PIC platform in
the case of 2D hBN [116]. Theoretical calculations show that AIN can serve as a sta-
ble environment for hosting well-isolated QEs with optically addressable spin states
[43], though experimental demonstrations of such QEs are outstanding. In contrast
to diamond or SiC, which have strong covalent bonds, AIN is an ionic crystal with
piezoelectric properties that may offer strain-based acoustic control for quantum spins
[117].

AIN is widely used in optoelectronics [51], high power electronics [118], and micro-
electromechanical systems [119], resulting in a large, continuously expanding industry
bolstered by mature fabrication and growth technologies. AIN’s optical transparency
is bounded at the short-wavelength side by an exceptionally large bandgap of 6.015 eV
(corresponding to ultraviolet) and extends to the mid-infrared spectrum [90]. Its high
thermal conductivity (k = 285 W/m-K) and small thermo-optic coefficient (dn/dT
= 2.32x 107°/K) enable AIN devices to operate with long-term optical and physical
stability [52]. The wide bandgap and the availability of highly crystalline AIN thin
films grown on low-index sapphire substrates, has enabled excellent AIN-based PIC
platforms (Chapter 2 of this thesis [44]), with a wide variety of nonlinear optical

effects such as parametric frequency conversion [63], sum/difference frequency gener-
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ation [62], electro-optic modulation [52], and frequency comb generation [62]. Here,
we report on two types of bright room-temperature QEs emitting in the orange visible
spectrum integrated in a scalable AlN-on-sapphire PIC platform, as shown concep-
tually in Figure 3-1a, made possible by overcoming several material and processing
challenges. Well-established fabrication processes for AIN PICs shown in previous
works [44, 116, 120] enable engineering of QE-based quantum photonic devices tai-

lored to any application needs.

3.2 Material processing and quantum emitter cre-

ation in AIN

Our studies used wurtzite-phase AIN thin film on sapphire (AlyO3) (Kyma Technolo-
gies, Inc.) with an AIN thickness of 200 nm. These samples were grown by plasma
vapor deposition of nano-columns (PVDNC) with a macro defect density of less than
10 per cm?. The crystal orientation is along the c-axis (00.1 £ 0.2°), as indicated in
the black inset in Figure 3-1a.

To create vacancy-based emitters, we ion-implanted the sample using a He ion
microscope (Zeiss ORION NanoFab) at a He ion fluence of around 10 ions/cm? with
an accelerating voltage of 32 keV, followed by annealing in an argon environment at
ambient pressure, which prevents AIN surface oxidation that occurs in ambient air at
temperatures above 700°C [121].

We investigated different annealing recipes with maximum temperatures between
500°C and 1000°C. As seen from the atomic force microscope scans in Figure 3-1b,
the 1000°C annealing reduced the root mean square surface roughness five-fold from
2.724 nm to 0.541 nm. The nano-columns maintain the hexagonal crystal structure
after annealing, indicated in the cutouts in Figure 3-1b, suggesting that the sample
polytype remained wurtzite.

We characterized these samples by photoluminescence (PL) imaging in a confocal

microscope setup, using 532 nm laser excitation (Coherent Verdi G5 laser, power
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Figure 3-1: Quantum emitters in aluminum nitride integrated photonics. (a) Scal-
able AIN-on-sapphire photonic integrated circuits with integrated quantum emitters.
Black inset: Wurtzite crystal structure of aluminum nitride (yellow: aluminum atom,
black: nitrogen atom). Blue inset: Microscope image of the fabricated QE-integrated
waveguides, where the grating couplers are used for visual feedback during fiber edge
coupling. (b) Atomic force microscopy of a sample before and after annealing. Cutout
1 indicates the hexagonal structure of the nano-columns is maintained after annealing.
Cutout 2 shows reduced surface roughness, slightly smaller grain size, and smoothing
of the AIN film columnar structure with improved orientation alignment to the c-axis,
indicating an improved crystallinity to the AIN Film. (c¢) Close-up cross-section of
the single-mode AIN-on-sapphire waveguide, which is 450 nm in width by 200 nm in
height. The quantum emitter is embedded within the AIN waveguide (not necessarily
in the exact center as shown).

before the objective ~1 mW) through a 0.9 NA microscope objective (Nikon). The PL
was filtered with a 560 nm long-pass filter and detected with avalanche photodiodes
(APDs by Excelitas) via single mode fibers. These measurements showed a spatially
uniform PL background, but no resolvable isolated QEs, for AIN samples annealed

up to 700°C; this background PL is reduced more than a hundred-fold and QFEs are
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detectable in samples annealed at 1000°C, which is the material processing condition
used for the samples that are studied in the rest of this work.

The observed PL background reduction in combination with the lower surface
roughness suggests an improved crystal structure, characterized by higher-uniformity
nano-columns. We tentatively attribute the reduced background to fewer unwanted

defect centers in the bulk and on the surface of the material.

3.3 Spectral Analysis of Quantum Emitters
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Figure 3-2: Spectral analysis of quantum emitters in thin-film w-AIN. (a) Quantum
emitter density in a 25 pm x 25 pum area (white scale bar: 5 wm). Two types of
emitters with orthogonal polarization states are identified, labeled as “A” and “B”.
(b) Temperature-dependent PL spectra of a representative type A quantum emitter
(black: 5 K, red: 150 K, orange: 295 K). The spectra for 150 K and 295 K are
offset vertically for clarity. (c¢) Temperature dependence of the type B quantum
emitter’s zero-phonon line linewidth. (d) Temperature-dependent PL spectra of a
representative type B quantum emitter (black: 5 K, green: 150 K, blue: 295 K). The
spectra for 150 K and 295 K are offset vertically for clarity.

The room-temperature PL scan of a representative AIN sample after 1000°C an-
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nealing (Figure 3-2a) shows a dark background with bright, micron-spaced bright
spots. Analysis of the PL spectra, photon statistics, emission lifetime, and polariza-
tion reveal these spots to be two orthogonally polarized classes of QEs labeled “A”
and “B” (see Figure 3-4d), as detailed next.

At room temperature, both types of QEs emit in a broad spectrum covering from
580 to 650 nm, as seen in the curves labeled as 295 K in Figure 3-2b.d (spectra taken
with Princeton Instruments Isoplane SCT320 spectrometer with a resolution of 0.07
+ 0.01 nm). The lines at 1.79 eV are caused by Chromium ion related impurities
in sapphire [122] that we filter in following measurements with a 690 nm shortpass
filter.

We performed low-temperature PL measurements to study phonon coupling char-
acteristics in a closed-cycle helium cryostat (Montana Instruments) with a built-in
confocal objective (NA = 0.9), and we used the same 532 nm laser for excitation
and APDs for detection as previously stated. Figure 3-2b,d shows low-temperature
PL spectra of a type A and B QE, respectively, at 5 and 150 K. Common to all 5
K spectra is a strong zero-phonon line (ZPL) peak, accompanied by a red-shifted
satellite peak.

The temperature dependence of the ZPL linewidth gives information about the
interaction between the defects and host crystal lattice, as well as the emitter de-
phasing mechanisms. Figure 3-2c shows the temperature dependence of the emitter
linewidth approximated from Lorentzian fits for a type B emitter. We determine a
linewidth of 0.16 £ 0.01 nm at 5 K, which is not limited by the spectrometer resolution
(~0.07 nm). A T3 function fits the linewidth broadening with increasing tempera-
ture, similar to the silicon vacancy (SiV) and other defects in diamond [123]. The T°
dependence results from field fluctuations caused by phonon-induced dislocations of
crystal defects and color centers [124], allowing us to conclude that these AIN QEs
are point defects.

The Debye-Waller factor (DWF') indicates the extent of electron-phonon coupling
for the emitter. We estimate it from DWF = [py,/ItoT, where Izpy, is the ZPL PL

emission and Itor = Izpr, + Ipsp is the total PL emission calculated by combining
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the ZPL PL emission Izpy, with the phonon broadened PL Ipgg. Here, we fit the ZPL
and PSB peaks with separate Lorentzian fit functions. At cryogenic temperatures we

determine the DWF to be 15 4+ 2%.

3.4 Photon Statistics Characterization of Emitters
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Figure 3-3: Photon statistics characterization of quantum emitters. Continuous wave
excitation second order autocorrelation histogram with (a) ¢ (0) = 0.08 & 0.06 for
a type A emitter and (b) ¢ (0) = 0.09 + 0.08 for a type B emitter. (c) Pulsed
excitation second order autocorrelation histogram for a type A emitter with ¢ (0) =
0.05£0.002. (d) Power-dependent second-order autocorrelation histograms for a type
A emitter. Power-dependence of the reciprocal values of fitting parameters (e) 7, and
(f) 72 in the second-order autocorrelation fits. The plots are linearly fitted (orange)
and reflect the decay rates of the excited and metastable states, respectively. (g)
Power-dependence of the fitting parameter «, which is representative of the non-
radiative transitions via the metastable state. (h) Power-dependence of the decay
ratio, which is defined as the ratio between the decay rate from the excited state to
the ground state compared to the sum of all first order decay rates from the excited
state.

We measured the second-order autocorrelation photon statistics of the emitters
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with a Hanbury Brown Twiss (HBT) interferometer. Figure 3-3a,b show the normal-
ized second-order autocorrelation histograms for representative type A and B emit-
ters, respectively, under 532 nm, 1 mW continuous-wave (CW) excitation at room
temperature. The type A emitter has ¢®(0) = 0.08 £ 0.06 while the type B emitter
has ¢®(0) = 0.0940.08, confirming that the emission is predominantly single photon
emission for both types of emitters (¢®(0) < 0.5). The histogram in Figure 3-3a in-
dicates a strong bunching near 7 = 0, whereas the histogram in Figure 3-3b has weak
bunching. This photon bunching feature suggests the presence of a dark metastable
state. Figure 3-3c shows second order autocorrelation histogram of a representative
type A emitter under pulsed excitation at room temperature with the laser set at a
central frequency of 532 nm, 10 nm bandwidth, and 26 MHz repetition rate. Pulsed
excitation resulted in further improved single photon purity of ¢®(0) = 0.05 £ 0.002.

A typical two-level model does not explain the bunching behavior near 7 = 0 in
the second-order autocorrelation histograms. We therefore adopt the next-simplest
level diagram shown in Figure 3-4a: a three-level system with pump-power dependent
transition rates. This models the essential features we observe and allows comparison
with other well-studied emitters. Equation 3.1 shows the three-level model for fitting

the experimental ¢(®(7) data:

i 7|

70 =1~ (Lt ayesp(~) + aexp(-L2) (3.)

where 7y, 75, and « are the excited state lifetime, metastable state lifetime, and fit-
ting parameter. Figure 3-3d shows the power-dependent second-order autocorrelation
histograms for a type A emitter, which are used to evaluate the electron dynamics.
We mainly focus on a type A emitter for these measurements due to its photostability
compared to type B emitters, as shown in Figure 3-4e.

Fitting parameter 7; describes a two-level system with transitions between the
ground state and a single excited state. Figure 3-3e shows a plot of 1/7 vs. excitation
power, which can be linearly approximated as indicated by the orange fit. 7, at zero

excitation power gives the lifetime of the excited state [125, 126]. Hence, the linear
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fit in Figure 3-3e yields a lifetime of about 3.8 ns. The second fitting parameter
7o describes the metastable state behavior. 7, at zero excitation power gives the
lifetime of the metastable state, which we found from the fit in Figure 3-3f to be
about 673 ns. The last parameter «, plotted as a function of excitation power in
Figure 3-3g, is representative of the amount of bunching caused by the metastable
state non-radiative transition. The stronger the bunching, the higher the probability
of intersystem crossing. Furthermore, the smaller the «, the more the emitter behaves
as a two-level system.

Figure 3-3h shows as a function of excitation power the decay ratio, defined as the
ratio of the decay rate from the excited state to the ground state versus all first order
decay rates from the excited state (decay rate from the excited state to the ground
state and decay rate from the excited state to the metastable state). The decay
ratio from the excited state to the metastable state is constant for an ideal three-
level model. Our experimental decay ratio versus power agrees with that, showing
that the three-level system describes the type A emitter well and higher order levels

transitions can be neglected.

3.5 Photophysical Characterization of Emitters

We use fluorescence lifetime measurements to compare with the lifetime values found
previously to see how well the three-level system models our emitters. We can use
the single exponential equation I(t) ~ exp(—t/7) for fitting the time-dependent PL
intensity for the single state decay, in which 7 represents the lifetime of the excited
state. Figure 3-4b shows the excited state lifetime measurement using a pulsed exci-
tation laser with central wavelength of 532 nm, 10 nm bandwidth, pulse length of 1
ns, and 39 MHz repetition rate. The single-exponential fit indicates an excited state
le) lifetime of 3.1 £ 0.1 ns for the type A emitter and 1.7 &+ 0.1 ns for the type B
emitter. The measured lifetime of the type A emitter is consistent with the lifetime
values extrapolated from the power dependent g(® (7) measurements, supporting that

a three-level system is a suitable model for the type A emitters.
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Figure 3-4: Photophysical properties of emitters. (a) Graphical illustration of a three-
level system. (b) Excited state lifetime measurements fitted with a single exponential
decay function, showing an excited state lifetime of 3.1 & 0.1 ns for type A emitters
(orange) and 1.7 &+ 0.1 ns for type B emitters (blue). (c¢) (top) PL intensity satura-
tion response of a type A emitter exceeding 1 million counts per second at saturation,
with a saturation power of 1.5 mW (data with orange fit). The data with black fit
shows the associated background. (bottom) Plot of ¢'®(0) as a function of excitation
power, showing the high single photon emission purity up to twice the saturation
power. Red line indicates the cutoff of ¢‘®(0) < 0.5, indicating single photon emis-
sion. (d) Polar plots of PL as a function of linear excitation laser polarization. The
emitters are split into two classes of emitters: one with a linearly oriented emission
polarization orthogonal to the excitation spectrum (type A) and one with a linearly
oriented emission polarization parallel to the excitation (type B). (e) Top: long-time
photostability of a type A emitter. The emitter did not show any evidence of blinking
or bleaching during the course of the experiments. Bottom: photostability of a type
B emitter, showing blinking at sub-second timescales.

Figure 3-4d shows the polar plots of the excitation-polarization-dependent PL
intensity (without background subtraction) of both types of emitters fitted with a
quadratic sinusoidal fit function sin?(6+ ¢), where the angular parameter @ represents
the rotation of the linearly polarized pump laser and ¢ represents the orientation
of the emitter relative to an arbitrary axis. Both types of emitters are shown to
be single linearly polarized dipoles. Type A emitters have excitation and emission
polarizations orthogonal to each other, while type B emitters have excitation and

emission polarizations parallel to each other.
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We next measured the PL intensity of the emitters as a function of the excitation
power (with optimized polarization) to find the emitters’” maximum emission rates.
We used a second room temperature confocal microscope setup for these measure-
ments, designed for efficient PL collection by using a Nikon 1.3 NA oil immersion
objective for excitation and collection, as well as using a dichroic filter with 552 nm
cut-off wavelength and a 560 nm longpass filter to remove the excitation laser and
Raman lines. Figure 3-4c (top) shows the saturation behavior of a type A emitter
and the associated background.

Equation 3.2 describes the typical function for fitting the emission count rate I
as a function of the measured excitation power P for a three-level system:

I(P) = L, +aP+ 8 (3.2)

Py + P

where I is the emission rate at saturation, P, is the excitation power at sat-
uration, « is the linear power-dependent background slope, and [ is the constant
dark counts. We use Equation 3.2 to fit the intensity saturation behavior measure-
ment plotted in Figure 3-4c (top), which shows that the PL intensity exceeds 1 x 10°
cps at saturation, with a saturation power of 1.5 mW. Figure 3-4¢ (bottom) shows
the g(2)(0) of the corresponding second-order autocorrelation measurements for each
of the excitation powers used in Figure 3-4c (top), indicating single photon emis-
sion characteristics for the emitter up to excitation powers of 3 mW, or twice the

saturation power.

3.6 Photonic Integration of Emitters

Next, we created these QEs in AIN-on-sapphire PICs fabricated by a combination of
electron beam lithography and dry etching (see Methods). The blue inset in Figure
3-1a is a microscope image of the fabricated QE-integrated waveguides coupled off
chip with edge couplers; the grating couplers are used for visual feedback during fiber
edge coupling. Using the same room-temperature confocal microscopy setup with 0.9

NA objective described above for laser excitation, we used a cleaved Nufern UHNA3
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Figure 3-5: Photonic integration of emitters. Confocal PL scan of AIN waveguide
populated with quantum emitters throughout, with (a) confocal collection and (b)
waveguide collection for detection. The circled emitter is the emitter that is stud-
ied in the photon-intensity correlation measurements. Diagrams of the respective
measurement setup is shown for each confocal PL scan for clarity.

fiber mounted on a XYZ piezo stage for edge-coupling to the AIN edge couplers, as
illustrated conceptually in Figure 3-1a. Our edge coupler design was not optimized to
mode match with the UHNAS fiber. We expect the experimental coupling efficiency
to be less than 7% due to it being sensitive to the edge coupler polishing quality [120].

The confocal PL scan in Figure 3-ba with confocal collection for detection of an
AIN waveguide indicates QEs throughout, while Figure 3-5b shows the same confocal
PL scan with waveguide edge coupler collection into the UHNA3 fiber for detec-
tion. A comparison between the scans shows that all emitters are coupled into the
waveguide. We use the circled emitter for the subsequent photon intensity correlation
measurements.

We observe strongly antibunched emission from waveguide-coupled emission (Fig-
ure 3-6a) and cross-correlation measurements (top versus waveguide collection, Figure
3-6b) with 532 nm, 1 mW CW excitation at room temperature without background

correction. Despite the rather low estimated edge-coupling efficiency of 7%, we ob-
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Figure 3-6: Waveguide-coupled emitter photon statistics measurements. (a) Cross-
correlation measurement of the emitter under 532 nm excitation between the photons
collected via the confocal setup and the photons collected through the waveguide,
with ¢ (0) = 0.17 £ 0.07, confirming the photons collected from the waveguide
while exciting the emitter originates from the emitter. The upper diagram shows the
measurement setup used for the cross-correlation measurement. (b) Autocorrelation
measurement of the emitter via waveguide collection only, with ¢®(0) = 0.21 £
0.08. The upper diagram shows the measurement setup used for the autocorrelation

measurement.
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Figure 3-7: PL intensity saturation response of an emitter with waveguide collection,
with counts exceeding 8.6 x 10* cps at a saturation power of 2.3 mW.
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serve a high count rate exceeding 6 x 10* cps out of the waveguide (Figure 3-7), with
8.6 x 10* cps at a saturation power of 2.3 mW.

We show in Figure 3-8 several exemplary devices realized on the same AIN-on-
sapphire platform, though not characterized in this study. Distributed Bragg reflec-
tors can be used as directional reflectors (red boxes) to direct all the emission towards
one side of the photonic circuit, as well as spectral filters (green boxes) to filter out
excitation light that is scattered into the waveguide. After the spectral filter, the
emission can be either first split by an on-chip beamsplitter or directly coupled off
the chip via edge couplers or grating couplers that can be placed anywhere throughout

the chip (blue boxes).

Figure 3-8: Conceptual diagram of an AIN PIC with distributed Bragg reflectors
as filter (green) and directional reflector (red), as well as grating coupler (blue) for
dense population of read-out channels on the chip. Insets are SEM micrographs of
the fabricated structures, with scale bars in each being 2 pm.

3.7 Conclusions and Outlook

While we observed the formation of the QEs after He-ion implantation and annealing,
both type A and B QEs are also observed for samples that did not undergo He-ion
implantation, albeit at a lower density, making it likely that the emitter type is either
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intrinsic or vacancy-based. Some sort of marker indicators on the bulk sample that
are inert and do not degrade with the material treatments are needed to do a more
careful study on the He-ion dose’s effect on the QE formation and properties. As our
emitters are in a 200 nm thick AIN film, we speculate from their stronger blinking
behavior that type B emitters may be closer to the surfaces [113].

There have been many previous works reporting on quantum emitters in other
nitride materials with emission wavelengths covering a wide wavelength range similar
to the emitters in this work [113, 114, 127]. However, even with extensive theoretical
density functional theory (DFT) modeling, the origin of these other emitter defects
is not fully understood [128]. Our QEs in thin film AIN offer insights and potential
future research directions to reveal the origins of similar QEs that have been observed
in both monolayer and microns thick bulk nitride materials, such as the possibility of
direct 3D atomic reconstruction by scanning transmission electron microscopy [129].

In conclusion, we demonstrated quantum emitters in a 200 nm thin-film AIN
grown on top of sapphire, with count rates exceeding 1 million cps at saturation and
high purity even at room temperature. We also showed that these QEs can be readily
integrated in AlN-on-sapphire PICs using conventional AIN fabrication processes for
patterning photonic components. While further studies are needed to investigate
the predicted spin-dependent transitions coupling to spin qubits, strain-driven spin
control, and other avenues towards spectrally narrower emission, the integration of
stable QEs into AlN-on-sapphire PICs already opens the prospect of stable single
photon sources integrated monolithically with optical modulators [52], AIN-integrated
single photon detectors [130], and frequency conversion devices [59]. Furthermore,
this work shows the potential of integrating high-quality QEs to a wide range of
technologies comprised of the aluminum gallium nitride (AlGaN) family of materials
that, thanks to their exceptional optical and electronic properties, as well as a large
and growing industrial base, already form the state-of-the-art for applications in UV
lasers, piezoelectric actuators and filters, high-power and high-speed electronics, and

solid state lighting [131-133].
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3.8 Supporting Information

This section includes useful technical details for this chapter.

3.8.1 Material Processing

We ion-implanted the samples using a He ion microscope (Zeiss ORION NanoFab) at
a He ion fluence of around 10 ions/cm?, with acceleration voltage of 32 keV, similar
to previous methods for creating isolated defects in hBN [134]. We found that this
He ion implantation by itself significantly increased the overall AIN PL but did not
increase the detectable emitter density. Instead, annealing the AIN samples after He
ion implantation creates resolvable photostable QEs. Each sample is annealed in an
ambient pressure argon environment. The sample is increased with a slope of 2°C/s
under continuous gas flow. The temperature is kept constant for 30 min once the
maximum defined temperature is reached before cooling down to room temperature
again. The samples do not reveal any isolated QEs due to a resulting spatially
uniform background fluorescence after annealing up to 700°C. The background PL
intensity decays exponentially in time when optically pumping the material with the
532 nm excitation laser. Increasing the maximum annealing temperature yields faster
exponentially decaying background fluorescence under optical excitation. Isolated and

photostable QEs start being detectable at annealing temperatures above 800°C.

3.8.2 AIN Photonics

Development of integrated photonic circuits relies on the use of thin film high index
material on a low index substrate. As we show that our material treatment results
in the creation of high-purity quantum emitters in a thin AIN film with just 200 nm
thickness, we further investigate whether the emitters can survive nanofabrication
processes and be integrated with PICs. After emitter formation using the He ion
implantation and annealing procedures described above, we fabricated PICs into the
AIN thin film by using the electron beam lithography and chlorine reactive ion etching
process developed previously in Chapter 2 [44]. Then, S1813 photoresist served as a
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protective layer for mechanical edge polishing, which we applied by spin coating the
S1813 photoresist at 3000 rpm for 60 seconds with an acceleration of 1000 rpm/s, fol-
lowed by baking at 110°C for 5 minutes. We diced the chip using an automatic dicing
saw (DISCO DAD-3240) and polished the chip by sequentially reducing the grit sizes
(30 wm to 0.1 wm) until the polished facet was within the edge coupler taper region
to produce optical-grade facets for edge coupling (Allied MultiPrep Polishing System
8). Finally, sonication in N-Methyl-2-Pyrrolidone (NMP) for 30 minutes removes the
S1813 protective layer and debris caused by dicing and mechanical polishing.

3.8.3 Experimental Setup

The room temperature characterizations were performed using a confocal microscope.
A green 532 nm laser (Coherent Verdi G5 laser) was used for excitation, with photolu-
minescence scans taken with a galvanometer mirror scanner in a 4F configuration. We
measured second-order autocorrelation photon statistics of the emitters with a free-
space Hanbury Brown Twiss (HBT) interferometer and detection using fiber-coupled
Excelitas avalanche photodiodes (APDs). To measure the excited state lifetime of
single emitters, we used time-correlated single photon counting (PicoHarp 300) and a
pulsed laser source (SuperK). For low temperature measurements, we used a closed-
cycle helium cryostat with a base temperature of 4 K (Montana Instruments) with a
built-in objective (NA = 0.9) and detection using free-space Excelitas APDs for con-
focal microscopy. Spectra were taken with a Princeton Instruments Isoplane SCT320
spectrometer with a resolution of 0.07 & 0.01 nm. A third confocal microscope setup
with NA = 1.3 oil-immersion microscope objective and free-space APDs was used for

high efficiency collection measurements.

3.8.4 PIC to Fiber Edge Coupling

Our edge coupler design was not optimized to mode match with the UHNA3 fiber,
which is multimode at our wavelengths of interest. The theoretical out-coupling effi-

ciency into the fundamental fiber mode from the 450 nm x 200 nm AIN waveguide is
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on average 32% for over the span of 590 nm to 690 nm in wavelength when coupled
optimally for 640 nm; there is also 2% coupling into higher order modes. The the-
oretical efficiency was calculated using 3D Finite-Difference Time-Domain (FDTD)
method (Lumerical Inc.). We expect the experimental coupling efficiency to be less
than 7% due to it being sensitive to the edge coupler polishing quality [120]. Experi-
mentally, we placed a half-wave plate before the objective of the confocal microscope

in order to minimize the laser coupling into the waveguide mode.
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Chapter 4

Large-Scale Integration of

Quantum Memories in Diamond to

AIN Photonic Circuits

Materials presented in this chapter have been previously published, and the text in
this chapter is reproduced from this publication (Nature 583 (7815), 226-231 (2020)
[120]).

4.1 Background on Color Centers in Diamond

Artificial atom qubits in diamond combine spin clusters with minute-scale coherence
times [7] and efficient spin-photon interfaces [6], making them attractive for process-
ing and distributing quantum information [1, 2]. In particular, proposed quantum
repeaters for long-range, high-speed quantum networks will require hundreds or more
memory qubits [1, 11, 12], whereas error-corrected quantum computing may require
millions or more [13-15, 47]. However, a critical barrier standing in the way of large-
scale quantum information processing (QIP) is the low device yield of functional qubit
systems. Furthermore, although individual spin-photon interfaces can now achieve
excellent performance, the lack of active chip-integrated photonic components and

wafer-scale single-crystal diamond currently limit the scalability of monolithic dia-
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mond QIP architectures. A promising method to alleviate these constraints is het-
erogeneous integration, which is increasingly used in advanced microelectronics to
assemble separately fabricated sub-components into a single, multifunctional chip.
Such hybrid fabrication have also recently been used to integrate PICs with quantum
modules, including quantum dot single-photon sources [32, 33, 135], superconducting
nanowire single-photon detectors (SNSPDs) [34], and nitrogen-vacancy (NV) center
diamond waveguides [35]. However, these demonstrations assembled components one-
by-one, which presents a formidable scaling challenge, and they did not provide for
spectral alignment of artificial atoms. Here, we introduce the ‘quantum micro-chiplet
(QMC)’ framework that greatly improves the yield and accuracy of heterogeneously
integrated nanoscopic devices. Specifically, this assembly process enables the con-
struction of a 128-channel photonic integrated artificial atom chip containing diamond
quantum emitters with high coupling efficiencies, optical coherences near the lifetime
limit, and tunable optical frequencies to compensate for spectral inhomogeneities on

chip.

4.2 Hybrid Architecture Based On Large-Scale In-
tegrated Photonics

Figure 4-1 illustrates the heterogeneous integration process. The multi-chip module
consists of a waveguide layer in single-crystal AIN for low-loss photonics [44, 136],
micro-chiplet sockets to optically interface with separately fabricated diamond QMCs,
and electrical layers for controlling color center transitions. This PIC platform is
compatible with additional components, such as on-chip electro-optic modulators [52]
and SNSPDs [34, 130, 137] for photon switching and detection in a quantum photonic
chip. Figure 4-2 highlights the flowchart of the large-scale heterogeneous integration
process, showing that the multi-chip module and QMCs for heterogeneous integration
are co-designed iteratively to optimize the integration mechanism, as well as to be

flexible for whatever functionalities are required for the quantum node.
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Figure 4-1: Scalable integration of artificial atoms with photonics. The separate
fabrication of sub-components before their final assembly maximizes the yield, size,
and performance of the hybrid emitter-photonics chip. A pick-and-place method
transfers pre-screened QMCs from their parent diamond chip into a socket containing
efficient photonic interfaces, as well as electrical wires for controlling color centers.

The large optical transparency of the QMC and PIC materials make them com-
patible with a variety of quantum emitters. In this work, we consider the negatively
charged GeV and SiV centers in diamond with zero-phonon line transitions at 602
nm and 737 nm, respectively, because of their stable optical and spin properties, even

in nanophotonic devices [23, 24, 106, 107, 138, 139].

4.3 Fabrication of Diamond-AIN Hybrid System

The process begins with relieving the strained surface of the single-crystal diamond

plate (Element6) by plasma etching the first 10 um of diamond in Ar/Cly, followed
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Figure 4-2: Flowchart for large-scale heterogeneous integration.

by another 5 um etching in pure oxygen plasma. We used a focused ion beam (FIB)
tool at the Ion Beam Laboratory (Sandia National Laboratories) to implant Ge ions
(spot size ~35 nm x 43 nm) and Si ions (spot size of ~50 nm x 45 nm) at an
effective areal dose of 2-6 x 10" ions/cm? and 4.5-9 x 10 ions/cm? [140]. The Ge
(Si) ion energy is 200 keV (170 keV), which corresponds to an implantation depth
of 74 £ 12 nm (113 + 19 nm) from stopping and range of ions in matter (SRIM)
simulations [141]. We implanted the Get and Si™ ion into a 1 pum pitch square
array in a single-crystal diamond substrate, followed by high temperature annealing
at 1200°C in an ultrahigh vacuum furnace. Finally, we cleaned the diamond in a
boiling mixture of 1:1:1 sulphuric acid, nitric acid, and perchloric acid. This process
generates spots of tightly localized GeV centers (depth of ~74 nm, vertical straggle
~12 nm, lateral FWHM distribution ~40 nm) and SiV centers (~113 nm, ~19 nm,
~50 nm). We analyzed the conversion yields of GeV and SiV centers by counting the
absence of fluorescent spots in our implantation region (1 um-pitch, square grid) using
photoluminescence (PL) microscopy. A Poisson distribution P(k), with mean number
of color centers A and number of observed emitters per spot k, models the stochastic
emitter creation process. From the mean A = —log(P(0)) and our implantation dose,
we estimate the conversion yield of GeV (SiV) centers to be ~1.9% (3.2%). We located

and mapped the fabricated quantum emitters relative to prefabricated alignment
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Figure 4-3: Fabrication and integration of QMC with integrated photonics. (a) SEM
overview of the parent diamond chip containing over 500 micro-chiplets for hetero-
geneous integration. (b) A 16-channel QMC. (¢) An 8-channel QMC with varying
mechanical beam rigidity. (d) PL map of GeV centers (bright spots) in a 16-channel
QMC. (e) PL map of SiV centers (bright spots) in a defect-free 8-channel QMC. (f)
An AlN-on-sapphire integrated photonics module that interfaces with the diamond
QMC placed in the chiplet socket. (g) Close-up SEM of the diamond QMC and AIN

photonic interfaces.

markers using a wide-field and confocal scanning microscope as shown previously
[142]. To demonstrate the microchiplet principle in this study, we registered the
qubit grid, rather than each emitter’s location. In particular, we determined the
global displacement of the emitter grid from the implantation process and used this
offset in our subsequent electron-beam lithography of QMCs.

After ion implantation and optical registration, we fabricated the QMCs over the
emitter arrays using a combination of electron-beam lithography (EBL) and quasi-

isotropic etching [143, 144]. In particular, we deposited 180 nm of silicon nitride (SiN)
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Figure 4-4: Histogram of number of emitter-coupled waveguides within a QMC.

hard mask using plasma-enhanced chemical vapor deposition. We patterned the SiN
hard mask using ZEP-520A electron-beam resist with ESpacer conductive polymer
and CF, reactive-ion etching (RIE). Subsequently, we used inductively-coupled RIE
to transfer the pattern from SiN into the diamond layer. Following oxygen etching of
the diamond, we deposited 15 nm of conformal alumina via atomic layer deposition
(ALD). After a brief breakthrough etch of alumina, we etched the chip in zero-bias
oxygen plasma to isotropically undercut the diamond QMCs. Finally, we removed the
SiN and alumina masks in hydrofluoric acid. We again annealed the device at 1200°C
using the above ultrahigh-vacuum, high temperature annealing recipe, followed by a

clean in a boiling mixture of 1:1:1 sulphuric acid, nitric acid, and perchloric acid.

Figure 4-5: Integrating a 64-channel QMC

Figure 4-3a shows a scanning electron microscope (SEM) image of various sus-

pended chiplets containing 8- or 16-channel waveguide arrays connected by diamond
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‘trusses’, as seen in the close-up SEM images in Figure 4-3b,c and Figure 4-3g, re-
spectively. Using PL spectroscopy, we investigated the occurrence of “defect-free”
(i.e. they have one or more stable color center per waveguide) 8-channel QMCs, as
summarized in Figure 4-4. From this histogram, we estimate the probability of cre-
ating defect-free QMCs to be 39%, despite a misalignment between the FIB mask
and the QMC patterns. The defect-free yield of the 16-channel QMCs was lower as
these are more susceptible to misalignment, so we did not use them in this study.
We note that this success probability depends on a variety of factors, including the
alignment accuracy of the FIB implantation, the relative calibration between EBL
and FIB, as well as the optical registration process. By deterministically placing each
element of the QMC over pre-localized single emitters [142, 145-148], it should be
possible to boost the yield towards unity, allowing hundreds or thousands of quantum
channels per chiplet. Such approaches may also be critical for reducing the proximity
of nanofabricated surfaces to emitters and for coupling to photonic crystal nanocav-
ities. Structurally, much larger arrays are fabricable and integrable: we successfully
transferred QMCs with as many as 64 waveguide components (see Figure 4-5).

We fabricated the PIC that the QMCs are later transferred to on a wafer of single-
crystal AIN on a sapphire substrate using EBL and chlorine reactive ion etching. AIN-
on-sapphire is a suitable platform for linear and nonlinear quantum photonics because
of its large bandgap (~6.2 eV), high material nonlinearities [52, 57, 59, 99], and low
narrowband background fluorescence in the spectrum (600-760 nm) of GeV and SiV
centers [44]. In this work, we used a wafer of 200 nm thick single-crystal AIN on a
sapphire substrate (MSE Supplies, grown by hydride vapor phase epitaxy). Prior to
processing of the AIN PIC, we patterned gold alignment markers to use for alignment
between the photonic layer and the metal layers for strain tuning. We defined the
AIN photonic circuitry using EBL (ZEP-520A electron-beam resist and ESpacer con-
ductive polymer) and chlorine-based inductively-coupled plasma reactive-ion etching
(ICP-RIE) developed previously in Chapter 2 [44]. Then, S1813 photoresist served
as a protective layer for mechanical edge polishing. We then diced the chip using an

automatic dicing saw (DISCO DAD-3240). Finally, we polished the chip in order to
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produce optical-grade facets for edge coupling (Allied MultiPrep Polishing System 8).
Finally, sonication in N-Methyl-2-Pyrrolidone (NMP) removes the S1813 protective
layer and debris caused by dicing and mechanical polishing.

The fabrication of the metal electrodes and contact pads on top of the PIC sub-
strate immediately followed the patterning of the thin-film AIN and preceded the chip
dicing and edge polishing. The PIC substrate metal layer was defined by liftoff of 50
nm Au on top of 5 nm Ti using a single layer of A6 950K PMMA electron-beam re-
sist (450 nm thick), which was aligned relative to the AIN PIC with metal alignment
markers. Then, the fabrication of the AIN photonic circuitry proceeded to dicing and
polishing, followed by integration of the QMC. After pick-and-place transfer of the
QMC to the micro-chiplet socket, we used a targeted electron-beam metal deposition
process to place platinum on the periphery of the QMC for electrical connection (FEI
Helios NanoLab 600 DualBeam). This process also locked the QMC into place before
resist spin-coating. Finally, we defined the metal electrode layer on top of the QMC
by liftoff of 15 nm Au on 5 nm Ti using a single layer of A11 950K PMMA (2 pum
thick).

Using piezo-controlled 3-axis and rotation micro-manipulators, we aligned and
transferred QMCs into the micro-chiplet sockets with a placement success rate of
90%. Figure 4-3f shows one of twenty micro-chiplet sockets connecting 8 input and 8
output waveguide arrays to an 8-channel QMC. In addition to the AIN waveguides,
the QMC also rests on top of multiple small AIN pedestals to prevent bowing of
the diamond structures and stiction with the underlying sapphire substrate. In the
case of an inaccurate placement, both the QMC and socket can be reused simply
by picking the QMC and re-attempting the placement process. Experimentally, we
have transferred a variety of arrays, ranging from single-channel devices all the way
to 64-channel QMCs (see Figure 4-5). We expect computer-controlled placement and
self-alignment locking features to improve the transfer rate and to potentially fully
automate the process.

The diamond waveguides (width 340 nm, height 200 nm) transfer light into the

AIN waveguides (width 800 nm, height 200 nm) through inverse tapered sections with
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Figure 4-6: FDTD simulation showing propagation of light from the diamond waveg-
uide into the AIN waveguide for: (a) 602 nm wavelength (corresponding to the GeV

color center ZPL) and (b) 737 nm wavelength (corresponding to the SiV color center
ZPL).

simulated efficiency of 97% (98%) at 602 nm (737 nm) wavelength. Figure 4-6a(b)
shows the normalized |E| field of 602 nm (737 nm) wavelength transverse electric (TE)
light coupling from the diamond waveguide (340 nm x 200 nm) to the bottom AIN
waveguide (800 nm x 200 nm), calculated using the 3D finite-difference time-domain
FDTD method (Lumerical Inc.). The light transfers adiabatically via tapered sections
in the diamond waveguide and AIN waveguide. Here, the coupling region is 9 pum
long, with a diamond taper length of 8 pum and AIN taper length of 5 um. The top
insets show 2D transverse cross sections of the light propagation. The cross sections
at y = —10 and y = 1 um correspond to the fundamental TE mode of the diamond

waveguide and AlIN-on-sapphire waveguide, respectively. The cross section at y =
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—5 um (y = —6 wm) is the point where half of the light launched from the diamond
waveguide is transferred to the AIN waveguide at 602 nm (737 nm) wavelength. The
light from the diamond waveguide couples to the AIN waveguide with 97% (98%)
efficiency at these wavelengths, with all of the light coupling preferentially to the AIN
fundamental TE mode and negligible coupling to higher order modes. This optimized
device geometry was determined by optimizing for the coupling efficiency from the
fundamental TE mode of the diamond waveguide to the fundamental TE mode of the
AIN while sweeping the diamond taper length, the AIN taper length, and the overlap

region between the diamond and AIN waveguides.
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Figure 4-7: Coupling efficiency of TE mode light from the diamond waveguide into
the AIN waveguide as a function of offset to the optimum alignment for: (a) ZPL of
GeV centers at 602 nm and (b) ZPL of SiV centers at 737 nm.

The SEM image of an assembled device in Figure 4-3g shows a transverse place-
ment error of (38 + 16) nm. For such typical errors, simulations indicate a drop in
coupling efficiency to 93% (89%) at 602 nm (737 nm) wavelength (see Figure 4-7).
Hence, we have a 0.46 dB tolerance in the coupling efficiency within our transfer
placement accuracy. By directly measuring the PIC-diamond-PIC transmission ef-
ficiency, we found the interlayer coupling efficiency to be greater than 34%, which
was lower than simulations likely due to scattering at the interfaces and the QMC
cross-junctions.

We find that the transfer of the QMCs is substantially easier than for individual

waveguides [35] due to its rigidity and many alignment features. The successful
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Figure 4-8: Optical image of sixteen QMC-populated micro-chiplet sockets containing
GeV or SiV centers. The ‘unsuccessful’ modules indicate failed QMC placements.

transfer of 16 defect-free chiplets results in a 128-channel photonically integrated

quantum emitter chip (see Figure 4-8), as characterized below.

4.4 Integrated Quantum Photonics with GeVs and
SiVs in Hybrid System

We performed experiments in a closed-cycle cryostat with a base temperature below
4K (Montana Instruments) with a top-access microscope objective (Mitutoyo 100x
ULWD, NA = 0.55), as illustrated in Figure 4-9a. We used 3-axis nanoposition step-
pers (Attocube ANP-x,z-50) and scanners (Attocube ANS-x,z-50) for edge coupling of
optical fibers (lensed fiber with a spot size = 0.8 um at 633 nm, or a Nufern UHNA3
fiber) to the PIC. The optical fiber labeled (1) couples pump light (fluorescence) to
(from) the QMC via the AIN waveguides. The microscope objective also provides
optical access to the QMC, e.g., to a color center (optical interface (2)) or a scattering
site ((3)).

We couple laser and PL to and from AIN-on-sapphire waveguides using lensed
fibers (Nanonics Imaging Ltd., SM-630 with spot size = 0.8 £ 0.3 wm, working
distance = 4 + 1 um) for cryostat experiments and ultra-high NA fibers (UNHA3)

for room temperature experiments. Under our single-mode operation at 602-737 nm,
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Figure 4-9: Integrated quantum photonics with color centers. (a) Experimental setup
in a 4K cryostat showing the input and output optical interfaces (1), (2), and (3). (b)
Energy level and spectrum of a GeV center. Resonant excitation probed transition
C, which is the brightest and narrowest line.

the in-coupling efficiency is the same as the out-coupling efficiency of AIN waveguide
to lensed fiber, which we find to be 51%-57% using the 3D-FDTD method. In practice,
the PIC-fiber coupling efficiency, which we find to be 11% in our devices, is sensitive
to the edge coupler polishing quality. For the high-NA fiber, which is multimode
at our wavelengths of interest, we find the numerical out-coupling efficiency to the
fundamental fiber mode to be 25% (34%) at 602 nm (737 nm); there is also 1% (3%)
coupling into higher order modes.

Figure 4-9b shows the energy level and emission spectrum of a single GeV when
pumped through (2) and collected through (1). Off-resonant excitation using 532 nm
light with off-chip pump filtering in this configuration enables the rapid identification
of single emitters (indicated by a photon intensity autocorrelation function gt®(0) <
0.5). For PL spectroscopy, we filtered the fiber-coupled fluorescence in free space us-
ing bandpass filters — Semrock FF01-605/15 for GeV centers and FF01-740,/13 for SiV
centers. We off-resonantly pumped GeV (SiV) using 532 nm (660 nm) lasers. Figure
4-10a(i) shows a typical photon antibunching (¢®(0) = 0.19(7)) from a single GeV
center (Channel 41) pumped near saturation, without background or detector jitter
correction. Resonant excitation is achieved using a tunable laser (MSquared SolsTiS
with an external mixing module) and filtering the resonance excitation laser from the
fiber-coupled fluorescence in free space using bandpass filters — Semrock FF01-647/57
for GeV centers and FF01-775/46 for SiV centers. Under the resonant excitation at
602 nm of the GeV transition C (see Figure 4-9b) of the zero-phonon line (ZPL), the
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Figure 4-10: (a) Auto-correlation measurements of a single GeV in Channel 41 under
(i) off-resonant 2 mW, 532 nm excitation and under (ii) resonant excitation at 602
nm. (iii) Auto-correlation measurement of a single SiV in Channel 65 under resonant
excitation at 737 nm. (b) Waveguide-coupled single photons from every integrated
GeV and SiV channel in the PIC.

photon purity improves to g (0) = 0.06(2) (Figure 4-10b(ii)). Similarly, in Chan-
nel 65 we measured anti-bunched photons with ¢(2(0) = 0.05(3) from a single SiV
center under resonant excitation at 737 nm (Figure 4-10b(iii)). In all 128 integrated
waveguides, shown in Figure 4-8, we identified single GeV and SiV emitters using
top excitation (2) and fiber-coupled waveguide collection (1), as summarized by their

photon statistics in Figure 4-10b.

4.5 High Purity Single Photons from Optically Co-
herent Waveguide-Coupled Emitters

Next, we investigated the optical coherence of a GeV center using all-fiber spec-
troscopy. Figure 4-11a shows the photoluminescence excitation (PLE) spectrum of
the Channel 41 GeV as we scanned a resonant laser across its ZPL (transition C)
with both excitation and detection through the fiber interface (I). For PLE measure-

ments, we used acousto-optic modulators to excite emitters with a resonant pulse and
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Figure 4-11: Defect-free arrays of optically coherent and efficient waveguide-coupled
emitters. (a) Photoluminescence excitation (PLE) spectrum (FWHM linewidth I' =
37(3) MHz, indicated by the arrows) of a single GeV in channel 41 with all-fiber
excitation and detection of the phonon sideband (PSB) fluorescence routed on-chip
via (I). (b) Excitation via (2) and fluorescence detection via (1). This geometry
allows GeV resonance fluorescence detection at least 18 dB above background, without
spectral, temporal, or polarization filtering. (c) In transmission, a single GeV center
causes coherent extinction of AT/T = 38(9)% (orange curve, I' = 35(35) MHz); the
PLE spectrum is shown in the red curve (I' = 40(5) MHz).

an optional 532 nm charge repump pulse. Despite the presence of another emitter
spectrally detuned by 50 GHz in the same waveguide, resonant excitation allows the
selective addressing and readout of single emitters. The measured linewidth of I' =
Iy + 2Ty = 37 MHz (3 MHz fit uncertainty) is near the lifetime limit I’y = 1/27t =
24(2) MHz, obtained from the excited state lifetime T. To measure the excited state
lifetime of single emitters, we used time-correlated single photon counting (PicoHarp
300) and a pulsed laser source (SuperK, filtered to 532 + 20 nm). We fitted the
lifetime curves of the emitters in Figure 4-11a with biexponential terms to account
for fast laser decay and the slower fluorescence decay time constant (see Figure 4-12).

The PIC geometry also enables the direct detection of ZPL resonance fluorescence
without any spectral, temporal, or polarization filtering, even under resonant exci-
tation. We placed a half-wave plate before Channel (2) to minimize laser coupling
into the waveguide mode. Figure 4-11b plots the resonance fluorescence obtained for
top excitation ((2)) and waveguide collection without filtering in the detection via (D).
By polarizing the pump E-field along the waveguide axis to minimize excitation of
the TE waveguide mode, this cross-excitation/detection configuration achieves a ZPL

intensity 18 dB above background, comparable to free-space diamond entanglement
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Figure 4-12: Fluorescence decay of the GeV in Channel 41 measured using time-
correlated single photon counting.

experiments using cross-polarization and time-gated detection [149].

According to FDTD simulations, an ideal emitter in the optimal configuration
has a spontaneous emission coupling efficiency of 3 = 0.8 into the diamond waveg-
uide. Experimentally, we measured this efficiency by measuring the transmission of
a laser field through a single GeV center (Figure 4-11c). The extinction in the res-
onant transmission spectrum arises from the interference between the scattered and
incoming optical fields, and its depth depends on the dipole-waveguide coupling 3
= [ye/(T'wg + [7), where I'y, is the emission rate into the waveguide mode and I"
the decay rate into all other channels. For the measurement in Figure 4-11c, we first
characterized the saturation response of the emitter when excited via (3). At the
low-excitation limit, the cooperativity C' can be extracted from T ~ (1 — B)* = (1
+ (). By also accounting for line broadening of 2Ty /Ty = 0.33(14), we determined
B via [150]:

_ (B—-2)B
T=l = A ni+s) (4.1)

which reduces to the usual expression [151] 7'~ (1 — )? in the absence of broadening

and far from saturation S < 1. In this experiment, we operated at S ~ 102, and all
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errors denote the fit or propagated uncertainties.

By injecting a laser field through (3) and monitoring the transmission 7" via (1), we
observed an extinction of 1 — 7" = 0.38(9) when on resonance with the GeV center.
This extinction places a lower bound of the emitter-waveguide cooperativity at C' =
0.27(10) and 3 = 0.21(6). By accounting for residual line broadening and for the ZPL
emission fraction (~0.6), the dipole-waveguide coupling efficiency is at least 0.55(18).
The discrepancy of the experimental corrected 3 = 0.55(18) with the simulated f
= 0.8 using the 3D FDTD method arises from three possible sources: (1) angular
and positional misalignment of the dipole in the waveguide, (2) finite population in
the upper ground state and emission into transition D, and (3) possible non-radiative

processes.
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Figure 4-13: (a) PLE spectra of GeV centers in each waveguide of a characteristic
8-channel GeV QMC, with a mean (+ standard deviation) linewidth of I' = 54 (£
24) MHz. (b) PLE spectra of SiVs in an 8-channel SiV QMC, with a mean linewidth
I' = 146 (£ 20) MHz. We interpret the two lines in Channel 69 as PLE spectra from
two distinct SiV centers [¢®(0) = 0.69(7) under off-resonant excitation (not shown)]

The excellent coherence of the GeV center in Channel 41 is not unique. Figure
4-13a reports the linewidths of every channel in a characteristic 8-channel GeV dia-

mond chiplet, all measured through the on-chip routing of fluorescence into an optical
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fiber. We find a mean + standard deviation normalized linewidth of I'/Ty = 1.7 + 0.7,
with GeV channels 41, 45, and 48 exhibiting lifetime-limited values of 1.0(2), 0.9(1),
and 1.0(2), respectively. From these measurements, we also obtained the inhomoge-
neous ZPL transition frequency distribution of 85 GHz. In these PLE measurements,
we averaged each spectrum over ~5 minutes (5000 experiments), demonstrating the
emitters’ long-term stability after heterogeneous integration. Similarly, as shown in
Figure 4-13b, we also find uniformly narrow lines from SiV centers across a QMC,
with linewidths within a factor of I'/T'y = 1.6 £ 0.2 from SiV centers in bulk diamond

[152], and with an inhomogeneous frequency distribution of 30 GHz.

4.6 Controlling the GeV Optical Transitions via

Strain
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Figure 4-14: Controlling the optical transitions of color centers on a PIC. (a) We
applied a DC bias between the metal layer Au 1 on diamond and metal Au 2 on
the substrate to electrostatically actuate the QMC. (b) SEM image of the device. In
this experiment, we investigated the optical response of emitters 1A, 1B, and 2 to
strain. (c) Intra-waveguide Emitter 1A and Emitter 1B overlap spectrally at 24.5 V.
Inter-waveguide overlapping between Emitter 2 and Emitter 1A (1B) occurs at 2 V
(12 V). Error bars for Emitter 1A and Emitter 2 are smaller than the data points.

To overcome the inhomogeneous spread in transition frequencies, we implemented
a strain-tuning scheme using the electrical layers in our PIC. The fabricated device
(Figure 4-14a,b) uses a QMC that consists of waveguides with different lengths and

beam rigidities (Figure 4-15). Strain is applied by a capacitive actuator consisting of
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one gold electrode (Au 1) on the QMC layer, separated transversely by 1.5 wm from
a gold ground plane (Au 2) on the sapphire substrate.

4.6.1 Strain tuning scheme of QMC on PIC

Emitter 2

0 2 4 6 8 10 12 14 16 18 20 x10®
X (pm)

Figure 4-15: Scheme for strain-tuning emitters in a PIC platform. (a) Scanning
electron micrograph image of Type I and Type II waveguides considered in this ex-
periment. (b) Strain distribution along the waveguides and emitters considered in
Figure 4-14. Horizontal error bars indicate the lateral uncertainty in the position of
emitters and vertical error bars indicate the ion implantation straggle.

We introduced different optical responses to our emitter-QMC by changing the
length of their constituent waveguides. Here, we used waveguides of length 20 pm
(Type I) and length 15 um (Type II). To be compatible with the QMC framework, we
included a flexible bridge between Type II waveguides and the QMC body (see Figure
4-14a and Figure 4-15a). Figure 4-15b confirms the difference in strain response at 30
V (modeled using COMSOL Multiphysics) between Type I and Type IT waveguides.
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4.6.2 Experimental response of optical transitions to strain

A bias voltage deforms the waveguide so the associated strain modifies the orbital
structures and the optical transitions of embedded color centers [153-155]. This
device geometry enables tuning ranges up to 100 GHz, which is larger than the
inhomogeneous distribution and only limited by stiction between the QMC and the
substrate (detailed below). For strain tuning experiments, we used a programmable
voltage source (Keithley 2400) and observed negligible leakage currents (<0.2 nA) for
all applied voltages in this experiment (up to 35 V).
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Figure 4-16: Spectral shift of GeV centers in response to strain fields. Strain spec-
troscopy of (a) Emitter 1A (b) Emitter 1B, and (¢) Emitter 2

We consider single GeV centers (Emitter 1A, Emitter 1B, Emitter 2A) indicated
in Figure 4-14a, b and Figure 4-15a. Figure 4-16 plots the spectral response of the
optical transition lines up to an applied voltage of 30 V. From the increasing line
splitting of the orbital ground states Ag, i.e. between lines C & D (as well as A
& B), we find that Emitter 1B is a dipole whose axis lies in the transverse plane
25, 153, 154] of the waveguide. Based on their unidirectional shift of all four lines,
Emitters 1A and 2 are dipoles oriented in the longitudinal cross-sectional plane of the
waveguide [25, 153, 154]. In particular, the global blue-shift of the lines of Emitter
1A indicates that it resides in a region with compressive strain (i.e. below the neutral
axis of the mechanical beam). Conversely, the optical lines of Emitter 2 red-shifts
with applied voltage, indicating that it resides in a region with tensile strain, which
is located above the neutral axis of the waveguide. Table 4.7 summarizes the tuning

ranges for the two brightest transitions C and D at 30V. Due to differences in dipole
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positions and orientations, we can spectrally overlap the optical transitions of, for
example, emitters 1A and 1B in one waveguide at a bias of 24.5 V, as shown in
Figure 4-14c. Alternatively, they can also be selectively aligned with that of emitter

2, initially detuned by ~10 GHz in another waveguide channel, at distinct voltages.

Emitter AvCsoy (GHz) AvP5oy (GHz) AvCsov (GHz) AvP 5oy (GHz)
1A 24 24 100 97
1B 11 50 17 50
2 19 25 95 130

Table 4.1: Shift of optical transitions at 30 V and 32 V

Figure 4-17 shows the robustness of the strain-tuning mechanism as we repeatedly
applied voltages from 10 V to 26 V. Above 30 V, we see over 100 GHz of tuning of the
two brightest transitions C and D for Emitter 1A and Emitter 2; however, we note
that in this regime there was hysteresis possibly due to stiction with the underlying
gold and substrate about 150 nm and 200 nm away, respectively. Nevertheless, for the
purpose here, we were able to spectrally overlap any pair of the three emitters with
less than 25 V. Revised electrode, QMC, and/or PIC designs in future microchips
should be able to extend the spectral shift of individually tunable waveguides. We
note that the small ‘pull-in’ voltage in our experiment appears earlier than it does
in simulation (over 250 V) — possibly due to the surface conductivity of diamond

[25, 156).

4.6.3 Stability of optical transitions under strain

We investigated the optical stability of an emitter during spectral tuning via strain.
Here, we monitored a GeV in another chiplet with an identical electrode configuration
(the earlier device used for Figure 4-14 and Figure 4-15, 4-16, and 4-17 is no longer

available due to an accident). Figure 4-18 shows the center frequency shift (bottom)
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Figure 4-17: Reproducible spectral shifts between 10 V to 26 V.
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Figure 4-18: Optical properties during strain tuning. Top: PLE linewidths as a func-
tion of voltage. Bottom: Corresponding frequency shift, AA, of the ZPL transition.

of the ZPL transition and its linewidth (top) as a function of voltage. In these
PLE linescans under strain, we averaged each spectrum over 2000 experiments (~3
minutes) and did not observe significant degradation in the linewidth. We then
tracked the ZPL at various voltage biases under repeated PLE measurements over
3 hours of continuous measurement without feedback. Figure 4-19 shows the long-
term ZPL stability to within 150 MHz for spectral tuning up to 6.8 GHz. At higher
tuning ranges, the linewidths was unchanged but there was an increase in spectral

diffusion of the center frequency, likely due to an induced permanent dipole moment
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that increased susceptibility to charge fluctuations [25, 157]. Nevertheless, at a tuning
of 20 GHz, the FWHM of the inhomogeneous distribution remained under 250 MHz,
which is within a factor of 4 of the initial linewidths of ~60 MHz.
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Figure 4-19: Stability of the ZPL transition frequency during strain tuning. Each time
slice corresponds to a single PLE linewidth measurement averaged over 3 minutes.

Although not demonstrated here, an array of electrodes could provide closed-
loop tuning [155] on each waveguide-coupled emitter to generate indistinguishable
photons for Hong-Ou-Mandel interference [158] using on-chip beamsplitters. Based
on the emitter linewidths measured here over minutes without feedback, we estimate
high-visibility interference of 0.9 (0.8) for stable GeV (SiV) emitters such as those in
Channel 41 (69) and a visibility of 0.58 £+ 0.24 (0.63 £ 0.07) when averaging over all
emitters in Figure 4-13a(b). The optical coherence and photon indistinguishability,
which is critical for entangling operations, can be improved, for example, through the

Purcell effect by coupling to photonic cavities [159].

4.7 System Efficiency and Improvement Strategies

Figure 4-20a shows the response from an idealized emitter system, fitted to F' =

FotP/(Psat + P) + cP, where P is the continuous-wave 532 nm excitation pump
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power, cP is the linear background, Pg,; = 1.2 mW is the saturation power, and F
is the measured ZPL fluorescence at the detector and F,; = 1.11 mega counts per
second (Mcps). Table 4.7 shows an average saturated count rate of (0.64 + 0.36)
Mecps from an array of GeV-waveguides in a QMC.
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Figure 4-20: Saturation response of a single GeV center. (a) Continuous-wave 532-

nm laser excitation (b) Pulsed laser excitation at 532 nm with a repetition rate of 26
MHz.

Counts 41 42 43 44 45 46 47 48

Saturated

Counts 0.20(3) | 0.94(24) | 0.21(7) | 0.80(9) | 0.61(2) | 0.91(13) | 1.11(23) | 0.31(09)
x 108 cps

Table 4.2: Saturation count rates from single GeV centers in a QMC

To independently measure the system efficiency at the detector, n, we used a
pulsed source (SuperK Extreme, 532 4+ 20 nm) with a repetition rate of 26 MHz.
From the saturation response (Figure 4-20b), we determined Fl, = 0.25 Mcps and 7
= 0.72%. This experimentally determined efficiency is within a factor of 5 from the
independently calculated 7 = 0.5B7p1cNaberNsetup = 2.6%, where (3, np1c, Nabers Msetup)
~ (0.55, 0.34, 0.33, 0.58) are the dipole-waveguide, npic the diamond-PIC, ngpe the
PIC-fiber, and ngetup the external setup detection efficiencies. Here, the factor of 0.5

accounts for the present configuration in which we collected the photon emission in
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one direction only. In these saturation experiments at room temperature, we used a
lensed fiber with 2.5 wm spot size at 1550 nm, which we find to have np;c ~ 33%.
We attribute the discrepancy to the non-unity radiative quantum efficiency of the
emitter and deviations in 3, npic, and Ngper from independent measurements based

on another device.
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Figure 4-21: FDTD simulation showing the cross sectional E, field component for an
optimized edge coupler for (a) lensed fiber and (b) high NA fiber.

Now, we outline methods to improve the system efficiency. In our experiments, the
uncladded microchip enables the heterogeneous integration of QMC but the mode-
mismatch between the AIN-on-sapphire waveguide and the lensed (high NA) fiber
causes at least 3 db (5 dB) insertion losses as characterized above. It is possible to
improve the mode overlap by cladding the microchip with alumina or with materials
with similar refractive indices as the underlying sapphire [44]. In such a scheme,
we would taper down the AIN waveguides at the chip facet to better mode-match
with the lensed fiber. Our cladded edge coupler design can significantly improve the
coupling from the AIN waveguide to the lensed fiber to be 84% (84%) at 602 nm
(737 nm), as well as improve the coupling to high NA fiber to be 89% (91%) at
602 nm (737 nm), using the present AIN-on-sapphire material and film thickness. In
this design, we matched the mode field diameters and reduced the effective refractive
index mismatch between the fundamental TE modes at AIN edge coupler facet and the
lensed (high NA) fiber focus spot (facet). Figure 4-21 shows the Ey field component
for the optimized edge couplers. Due to the index mismatch, the light coupling is
limited by Fresnel reflections at the waveguide facet, which can be reduced using an

index-matching environment. Finally, on-chip reflectors in diamond can increase the
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photon collection efficiency by a factor of 2, and photonic crystal cavities can boost

the emission into the waveguide mode.

4.8 Conclusions and Outlook

The large-scale integration of artificial atoms with photonics extends to a wide range
of nanophotonic devices, in particular high-quality factor diamond photonic crys-
tal cavities [143, 144, 160], and other optically active spins [6] such as NV centers
[35], emerging diamond Group-IV quantum memories [161], quantum dots [162], and
rare-earth ion dopants [39, 40]. The advances reported in this work should there-
fore encourage further integration of photonic and electronic components for large-
scale QIP applications such as multiplexed quantum repeaters or modular quantum
computers based on solid-state spins [11-14, 47, 149, 163, 164]. Key components
have already been individually demonstrated, including photonic switch arrays and
beamsplitter meshes [165-168] for reconfigurable qubit connectivity and heralded
spin entanglement, AIN-based high-speed electro-optic modulators [52] and SNSPDs
[130, 137], and custom CMOS electronics [169, 170] for color center spin control and
low-latency processing. As PIC applications ranging from optical communications
[171] to phased array lidar [172] to machine learning accelerators [165] are pushing
systems beyond thousands of optical components, the high-yield integration with ar-
rays of high-quality artificial atoms sets the stage to extend these scaling gains to

quantum information processing with spins and photons.
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Chapter 5

Integration of Single Photon
Sources in 2D Materials and

Detectors on AIN

This chapter will highlight my co-author works, led by my collaborators, that are
relevant to the overall theme of my thesis. In particular, I will be showing the building
blocks and other devices integrated onto AIN photonics that can be leveraged for

quantum information processing.

5.1 Integration of Quantum Emitters in Layered

Materials to AIN Photonic Circuits

5.1.1 Background and Introduction

Experimental implementations of hardware for quantum networks and quantum in-
formation processors require multiple single photons on a chip. So far, efforts have
mainly been in 3D solid-state systems like shown previously in this thesis, where
the single photon sources are embedded in the bulk 3D material, and nanophotonic
structures are then fabricated into the semiconductor material. Recently, 2D materi-

als are also gaining traction as hosts to high quality, ultrabright single photon emitters
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(SPEs). 2D materials can in principle be transferred onto any photonic structures
by exfoliation and stamping. Quantum emitters in 2D materials show remarkable
photostability and emission efficiency despite their close proximity to surfaces, which
allows for atomically-precise control of the atomic defects or even potentially the abil-
ity to control the spectral, charge, and spin properties of the atomic defect through
heterostructure stacking of layered materials.

Quantum emission from hexagonal boron nitride (hBN) 2D monolayers and 3D
multilayers have previously been shown to be ultrabright, polarized, and operational
at room temperature [113]. It has further been gaining traction as a promising single
photon emitter as researchers have demonstrated the ability to tune the emission of
these defects [134] in order to control its inhomogeneous spectral distribution and to
show that the emitters are stable after transfer to other substrates. Two-dimensional
van der Waals materials have shown great promise as a heterogeneous assembly can-
didate for solid-state quantum technologies [173—-175], but these previous demonstra-
tions were limited to cryogenic temperature operations. Here, I will show the transfer
and integration of hBN multilayers to AIN photonics to demonstrate the first photonic
integration of room-temperature 2D material quantum emission sources. This work
was led by our collaborators in Professor Igor Aharonovich’s group at the University

of Technology Sydney [116].

5.1.2 Results

Figure 5-1 shows the schematic and experimental device of the hBN flake with em-
bedded single photon emitter transferred on top of an AIN ridge waveguide that is
terminated with a grating coupler for output collection and detection. AIN has a
refractive index (n = 2.08) close to that of hBN (n = 2.1), which minimizes the in-
dex mismatch and thus reflection at the AIN/hBN interface. As shown by the AFM
cross-section measurement in Figure 5-1c, the hBN flake has a total height of ~200
nm.

Figure 5-2a shows the confocal PL scan of the sample, measured with a CW green

optical excitation laser (532 nm) through a 0.9 NA objective. For the confocal scan,
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Figure 5-1: Coupling of the hBN emitter to the AIN waveguide. (a) Schematic view
of the hybrid quantum photonic system showing a hBN flake (purple) positioned onto
an AIN ridge waveguide (light gray). The inset shows the layered van der Waals hBN
crystal. (b) Atomic force microscopy (AFM) image of the hBN-waveguide structure.
The position of the hBN emitter onto the waveguide is indicated (yellow arrow). (c)
AFM height measurement of the hBN emitter on the waveguide along the cross-section
profile following the red line in (b); the ridge measured for the pristine waveguide is
also shown (black trace).

the excitation and collection are from the same spot, while the sample is scanned using
a piezo stage. The location of the SPE on the waveguide is identified and subsequently
characterized. Figure 5-2b shows the zero-phonon line (ZPL) of the hBN SPE at 623
nm with a linewidth of 4.24 nm (full width at half maximum of the fitted Lorentzian).
The spectrum was integrated for 60 seconds at an excitation power of 2 mW. The
spectrum and second-order autocorrelation ¢g(®(7) measurements in Figure 5-2b were

filtered using a bandpass filter (Semrock, (630 4+ 28) nm) to spectrally reject the
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chromium luminescence peak from sapphire and to isolate the emitter’s ZPL (the
regions shaded in gray in Figure 5-2b,d display the spectral regions that were filtered
out). The insets in Figure 5-2b,d show the second-order autocorrelation measurement
g? (1) performed using a Hanbury-Brown and Twiss interferometer and corrected for
background and time jitter. A zero-delay time value of ¢(®(0) = 0.12 for the second-
order autocorrelation measurement in Figure 5-2b, indicates the single-photon nature

of the emitter.
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Figure 5-2: Optical characterization of the hBN-waveguide heterogeneously integrated
structure. (a) Confocal map of the hybrid system under 532 nm CW laser excitation.
The emitter at point A is dimmer compared to the overall intensity within the map,
and therefore is not clearly visible in the map. (b) PL spectrum of the hBN emitter
and its second-order autocorrelation ¢®(7) curve (inset) indicating single-photon
emission (¢ (0) < 0.5). (c) Confocal map where the 532 nm laser excitation is
fixed on the emitter (spot A) and the collection is scanned over the sample. In the
collection scan, the 532 nm laser is filtered out. The map shows that photons from
the emitter couple to the waveguide and are detected at the grating coupler (spot
B). (d) PL spectrum and ¢‘® (7) curves (inset) are collected from the grating coupler
(spot B) with excitation fixed at the emitter (spot A). Scale bars are 5 um in both
(a),(c). The collection spectral window is indicated by the unshaded areas in (b),(d).
The ¢ (1) curves are corrected for background and time jitter.
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Figure 5-2¢ shows a different measurement scheme in which the excitation laser
(532 nm) is kept fixed at the location of the hBN SPE (spot A), while collection is
acquired over a 30 x 30 um? area using a scanning mirror with the 532 nm excitation
laser filtered out. The resulting confocal scan reveals luminescence from the emitter
both locally at spot A and at a lower intensity from the output grating at spot B.
This demonstrates successful coupling and propagation of single photons from the
hBN emitter, through the AIN waveguide, and output by the grating coupler. The
bright emission from the spot B in Figure 5-2c¢ is further analyzed with a spectrom-
eter, revealing the same ZPL (623 nm) as from a spot A, as shown in Figure 5-2d.
The intensity of the PL signal measured at the grating coupler (spot B) is 1.2% of
the total PL intensity collected from spot A. The inset in Figure 5-2d shows the re-
sulting autocorrelation function, which has a significantly higher ¢(®(0) value. This
is most likely due to the increased background compared to that the measurement
configuration in Figure 5-2a,b. The ¢® (7) measurement was taken by changing the
linear polarization of the excitation laser on spot A while optimizing for the count
rate of the fluorescence at spot B. Instead, for future works, the background could be
minimized by changing the polarization to minimize the amount of green excitation

laser coupling to the waveguide.

5.2 Superconducting Nanowire Single-Photon De-

tector on AIN

5.2.1 Background and Introduction

High performance single-photon detectors are necessary for a complete integrated
quantum photonics platform. The ability to efficiently detect single photons from the
quantum emitters is critical for maximizing the rate of remote spin entanglement by
heralded photon detection, for example. We can achieve this by having everything
on a single chip to reduce significant loss factors from coupling to off-chip detectors.

The superconducting nanowire single-photon detector (SNSPD) is the leading single-
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photon detection technology for quantum information processing. They outperform
other single-photon detection devices in many metrics, which typically include de-
tection efficiency, count rate, dark-count rate, and jitter. Though shown in separate
independent demonstrations, SNSPDs have been shown to have near-unity detection
efficiency, GHz count rate, sub-1-cps dark count, and sub-20-ps timing jitter [176—
179].

SNSPDs can be used to detect photons that are routed by nanophotonic waveg-
uides. Waveguide-integrated SNSPDs absorb light evanescently, with their optical
absorption increasing exponentially with the length of the nanowire. Hence, a high
optical absorption can be achieved with a short nanowire by maximizing the mode
overlap, which could also result in faster detection speed, reduced dark counts, lower
timing jitter, and higher yield compared to a typical detector that is coupled to
fiber, which requires a much larger detection area. Having these detectors on-chip
would greatly improve the emitter-to-detector efficiency [180, 181], thus facilitating
photon-mediated entanglement from distinct nodes.

One of the most well-studied high-performance SNSPDs are fabricated using poly-
crystalline niobium nitride (NbN), which has a relatively high critical temperature
(T.) of 8-12 K in the 4-6 nm thick thin-film typically used for SNSPD fabrication.
Furthermore, the film quality of polycrystalline NbN is better if grown on a lattice-
matched crystalline substrate. As our photonic platform is AIN-on-sapphire, the
lattices of NbN and AIN are well-matched and should result in good film qualities.
SNSPDs also operate at cryogenic temperatures compatible to the typical operating
temperatures for color centers in diamond, which is another reason why it is advan-
tageous for integrating to our quantum photonic system and operating everything
together on one chip in a cryostat. Furthermore, NbN SNSPDs have broad spectrum
response, operating into the visible spectrum which most promising solid state quan-
tum emitters emit at [177]. Here, I will also show the development of NbN SNSPSDs
grown on top AIN-on-sapphire substrates and introduce briefly on the efforts we had
in integrating these SNSPDs to AIN waveguides. This work was led by our collabo-
rators in Professor Karl Berggrens’s group at MIT [130, 137]).
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5.2.2 Results - SNSPDs on Bulk AIN

Figure 5-3: Device configuration. (a)-(c) SEM of the fabricated device. The detector
consisted of two components: the active region and two serial inductors. The active
region consisted of two parallel nanowires with 60 nm width, 80 nm gap, and 22
pm length (c), corresponding to the top two parallel inductors Ly in the equivalent
circuit in (d). The serial inductors were made of 300-nm-wide meander nanowires
(b), corresponding to L in the circuit. The single strip configuration was designed
for waveguide integration.

The NbN thin films are deposited on the AlN-on-sapphire substrate by reactive
DC magnetron sputtering, with the substrate holder set to 840°C, using the recipe
developed previously [178]. The resulting film has a critical temperature T, of 10.6-
11.4 K, sheet resistance Rg of 500-550 €2/sq, residual resistance ratio (Rsgok /Rook ) of
0.82-0.86, and thickness of ~4.8 nm. We use a 2-element superconducting nanowire
avalanche photodetector (2-SNAP design with 60 nm width) to achieve high quantum
efficiency, high signal-to-noise ratio, and low timing jitter. First, we pattern the
electrical contact pads and alignment markers using photolithography followed by
metal liftoff (25 nm Au on top of 5 nm Ti). We use a bi-layer photoresist process of
S1813 on top of PMGI-SF9, where the PMGI is an undercut layer that helps facilitate
metal liftoff. Then, the superconducting nanowires are patterned using electron-beam
lithography (Elionix ELS-F125) with a negative-tone resist (hydrogen silsesquioxane,
HSQ), followed by development using 25% TMAH. HSQ pattern is then transferred
to the NbN film using CF,4 reactive-ion etching. Figure 5-3a shows an overview of the

scanning-electron micrograph (SEM) of the fabricated 2-SNAP, with the equivalent
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circuit diagram shown in Figure 5-3d. The active area is made of two parallel 60 nm
wide, 22 um long nanowires designed for waveguide integration (Figure 5-3c). This 22
um long detector can absorb 95% of 637 nm wavelength light propagating in a 450 nm
x 200 nm AlIN-on-sapphire waveguide. Figure 5-3b shows 300 nm wide meandering

wires that function as serial inductors to prevent the detector from latching.
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Figure 5-4: Device performance. (a) The saturation in DE is a signature of high
internal quantum efficiency. The absolute value in DE was limited by the unpolished
back surface of the chip. (b) A single-shot pulse trace of the same detector. (¢) The
instrument response function revealed a jitter of 54 ps.

We measured the device detection efficiency and dark count rate vs. bias current
in a 2.45 K cryogenic probe station with 1550 nm wavelength back illumination by
an optical fiber, with the results shown in Figure 5-4a. The detection efficiency
entered the saturation region as the bias current approached the switching current of
Isw = 23.5 uA. However, this detection efficiency is not important since waveguide-
integrated detectors would have a significantly higher absorption. We then measured
the single-shot trace of the electrical pulse generated from the same detector biased
at 0.951sw, as shown in Figure 5-4b. The measured falling edge time constant is 1.95
ns, corresponding to a ~6 ns reset time. Finally, we found the jitter to be 54 ps

(Figure 5-4c) when the detector is biased at 0.95gyw.

5.2.3 Results - A Scalable Multi-Photon Coincidence Detec-

tor

Using the same fabrication process for making NbN SNSPDs on AIN-on-sapphire,

we also demonstrated a two-terminal coincidence detector that enables scalable read-
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Figure 5-5: Device layout for a sixteen-element detector. The detector is a two-
terminal array that connects a chain of single-photon detector segments using slow-
wave nanowire delay lines. The nanowire was designed to be a microstrip waveguide
with a dielectric spacer and a top ground plane. (i) SEM of the delay line, which
consisted of a 300 nm wide meandered nanowire. Scale bar, 10 pm. (ii) SEM of a
detector segment, which consisted of two 80 nm wide parallel nanowires. Scale bar =
1 um. The blue band marks the site for future waveguide integration.

out of an array of detector segments using a superconducting nanowire microstrip
transmission line, as shown in Figure 5-5 [130]. The detector connects a chain of
single-photon detector segments using slow-wave nanowire delay lines. This sixteen-
element detector was shown to resolve all 136 possible single-photon and two-photon
coincidence events by taking advantage of timing logic. We also demonstrated photon-
number-resolving capability by looking at the pulse shapes of the detector output.
Figure 5-5(ii) shows the location of where waveguides would be pattern for waveguide

integration of these detectors.

5.2.4 Results - Towards Integration of SNSPDs on AIN Waveg-

uides

Finally, we developed a process for fabricating NbN SNSPDs integrated with AIN-on-
sapphire nanophotonic waveguides. The process begins with deposition of NbN thin
films on the AIN-on-sapphire substrate by the same method as mentioned previously
[178]. Then, we patterned the electrical contact pads and alignment markers using the

same bi-layer photoresist process of S1813 on top of PMGI-SF9. The first difference
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Figure 5-6: SEM image of the electron beam lithography patterning of the AIN
waveguide with respect to the fabricated NbN SNSPD detector, showing the align-
ment between them

is that now the metal stack is composed of 50 nm SiO5 on top of 5 nm Ti on top of 50
nm Au on top of 5 nm Ti. The top SiO, layer is to act as a protection for the NbN
during the subsequent AIN etch, with the top-most Ti layer acting as an adhesion
layer due to SiOs’s poor adhesion properties. Then, the NbN nanowires are patterned
by electron-beam lithography using HSQ resist, followed by CF,4 reactive-ion etching,
same as described before. Now that the majority of the NbN top surface is etched
away, exposing the AIN, with only the intended NbN nanowires left, we proceed with
the AIN waveguide fabrication. Following oxygen plasma treatment, we spincoat 2%
XR-1541 HSQ, followed by Espacer conductive polymer. Using the Elionix ELS-
F125 once again with dose of 10,000 uC/cm?, the waveguides and grating couplers
are patterned with 1 nA beam current while we also pattern a capping layer over
the superconducting inductors and leads with 5 nA beam current to protect them

during subsequent AIN etch. The HSQ was then developed in salty developer (1 wt%
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NaOH and 4 wt% NaCl). Figure 5-6 shows an SEM image of the resulting sample
up to this step, with the detector region well-aligned to the AIN waveguides. Finally,
the chip is etched using the chlorine chemistry reported in Chapter 2 of this thesis
[44], resulting in the final device shown in Figure 5-7. Systematic measurements of
SNSPDs fabricated on AIN photonic integrated circuits will need to be completed in
future works, with the on-chip detection efficiency of the integrated detectors being

the key metric.

Figure 5-7: Optical microscope image of the complete fabrication of NbN SNSPD
detectors integrated with AIN waveguides.
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Chapter 6

Conclusion and Outlook

In this thesis, we developed a wide-bandgap integrated photonics platform based on
AlN-on-sapphire with transparency and low-loss optical propagation from the UV to
the infrared wavelength regime. Then, we demonstrated the versatility of this inte-
grated photonics platform for interfacing with various quantum devices operating in a
wide range of wavelengths, thus showing its potential to serve as a photonic multi-chip
module backbone for realizing scalable quantum technologies. Solid-state quantum
technologies have long been touted for its scalability promise, but proof-of-concept
experiments to-date have been limited to just a handful of qubits per chip due to
device inhomogeneities, low device yield, and complex device requirements. We show
the first-ever proof-of-concept demonstration of large-scale integration of quantum
emitters to our photonics platform that can potentially leverage the production capa-
bilities of the IIl-nitride industry, akin to the widely-used silicon photonics of today
that take advantage of CMOS foundry manufacturing. Here, we will discuss about

outlook and future directions of each work in this thesis

6.1 AIN-on-Sapphire Integrated Photonics

In Chapter 2, we developed a novel integrated photonics platform based on AIN-on-
sapphire. We showed that with the significantly better crystallinity in the material

by growing on top of single crystal Al,O3 (sapphire) instead of what was used in
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previous works where AIN was grown on amorphous SiO,, we can reduce loss from
Rayleigh scattering due to surface roughness and material loss caused by unwanted
defect absorption that is prevalent in samples of low crystalline quality, allowing us to
show UV propagation loss at 369.5 nm that is several tens of orders of magnitude lower
than the propagation loss previously shown at 400 nm using an AIN on SiO, platform
[78]. However, there is still lots of room for improvements as the nanocrystalline film
morphology of our wafers in this work was not the best possible. Single crystalline
AIN can be grown on sapphire and would certainly exhibit significantly better film
quality. Furthermore, as mentioned previously, Rayleigh scattering (oc A=) can be
dramatically reduced by photonic engineering to design the waveguide dimensions
such that the optical mode overlaps minimally with the sidewalls in order to minimize
light scattering from the waveguide faces.

Being the first to show that material film quality of AIN would have a large effect
on light propagation in the UV to visible wavelength regime, this work led to follow-
up works from other groups. For example, there was a paper afterwards showing
microring quality factors of 2.1 x 10% at 390 nm (corresponding to an optical loss
of ~8 dB/cm) with a 500 nm thick single-crystalline AIN grown on c-plane sapphire
by metal-organic chemical vapor deposition (MOCVD), with the large waveguide
dimensions resulting in small mode overlap with the sidewalls [136]. With extremely
low propagation loss being a requirement for quantum photonics, further AIN-on-
sapphire integrated photonics research is necessary to obtain better crystallinity in the
AIN film, to achieve improved fabrication techniques to minimize side-wall roughness,
and to understand the material properties to gain insights for material treatments
to eliminate unwanted absorptive defects. We hope that the culmination of these
developments would result in waveguide propagation losses in AIN approaching the
levels of sub-dB/cm that Si-on-SiOs has (though that is in telecom wavelength where

Rayleigh scattering is much less of an issue).
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6.2 Quantum Emitters in AIN Integrated Photon-
ics

In Chapter 3, we also report on a novel high-purity, ultra-bright quantum emitter in
thin film AIN grown on top of sapphire, along with waveguide integration. However,
there is a lot more to be done to further warrant its use for quantum information
processing applications. A key experiment would be to perform an on-chip second-
order autocorrelation measurement in which the capability would be a building block
for other linear-optic processing, as well as two-photon interference. To fully take
advantage of the readily-integrable aspect would be to show on-chip filtering of pump
light, integration with a cavity for Purcell enhancement, and maximizing the collec-
tion efficiency to the point of beating the efficiency of the high-efficiency setup we
used to do the emitter spectroscopy and characterization experiments. For on-chip
filtering of pump light, we can use distributed Bragg reflectors, a ring resonator in
a drop port configuration, or a directional coupler that sends the majority of green
light into one port and the majority of the single photon signal into another port.
There needs to be a significant 50-60 dB isolation or more in order to collect pure
single photon signals without additional off-chip filtering. The further development of
the passive and active photonic components in the AIN-on-sapphire platform would
allow for more functionalities for both the quantum emitters created monolithically
and the quantum emitters integrated heterogeneously (diamond, 2D materials, I1I-V
semiconductors, etc.).

In addition, there are also lots of studies needed to understand the optical and
spin properties of the emitter. Photoluminescence excitation measurement of the
emitter would be important to study the optical coherence of the emitter. Coherent
excitation allows accurate measurement of the emission linewidths and photophysical
properties of the emitters. It is also necessary for generation of indistinguishable
photons, entanglement, and coherent control of the emitter’s quantum states. A
narrow linewidth from resonant excitation could give insight on the ZPL broadening

mechanism when pumped with an off-resonant laser (the typical measured lifetime of
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the emitter in AIN is ~3 ns, which corresponds to a FT-limited linewidth of about
55 MHz). We would need to experimentally observe and verify the theoretically
predicted spin properties, along with investigating the exact origin of the emitter.
Doing so would allow us to better understand the electron spin levels of the emitter.
Furthermore, currently, there is a broad inhomogeneous distribution of the emitter
zero-phonon line wavelength, which is also characteristic of quantum emitters in other
ITI-N materials [113, 114]. For quantum entanglement applications, the wavelengths
will need to be indistinguishable, so an inhomogeneous distribution of over 40 nm
could be too large of a variation to be useful for quantum entanglement. There will
either need to be a mechanism to tune the zero-phonon line of two emitters to be

on-resonance with each other or to reduce the inhomogeneous distribution.

6.3 Large-Scale Integration of Quantum Memories

in Diamond to AIN Photonic Circuits

In Chapter 4, we presented a method to scalably produce connected arrays of diamond
waveguides with each channel containing high quality quantum emitters with nearly-
indistinguishable emission. Utilizing our ‘quantum microchiplet” and ‘multi-chip mod-
ule’ framework, we achieved the largest number of photonic channels integrated with
solid-state quantum memories fabricated on a single chip, while maintaining near-
transform-limited linewidths for all the emitters. As nitrogen vacancy centers in
diamond were used in previous demonstrations working towards a distributed quan-
tum network, the frequency of their zero phonon emission can be controlled by Stark
tuning [182, 183]. However, this is not possible with the GeVs and SiVs we used in
this work due to their inversion symmetry. Instead, the GeV and SiV’s electronic
structures are affected by strain within the diamond crystal lattice, meaning that we
can strain the diamond waveguides through deformation to change the wavelength
of the zero phonon emission [153-155]. As such, we also developed nanoelectrome-

chanical system (NEMS) designs that use electrostatic forces acting on the diamond
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waveguides to tune the GeVs, while maintaining compatibility with our quantum mi-
crochiplet framework. We showed experimentally that these devices can be designed
to tune two GeVs to the same wavelength. Future works would need to extend the
strain tuning aspect to SiV, as well as to demonstrate on-chip two-photon interference
and even entanglement between two spatially separated GeV or SiV centers.

For future work beyond this thesis, we envision the AIN backbone to have suffi-
ciently fast photonic switches in a mesh configuration for multiplexed entanglement,
as well as integration of additional technologies that have been demonstrated sep-
arately, such as the on-chip detectors presented in this thesis [130, 137, 184], and
CMOS electrical control, which will enhance the overall scalability and functional-
ity of this platform. The inclusion of CMOS electronics in our modular architec-
ture would also provide a path towards large-scale chip-integrated quantum control
[169, 170]. Another potential goal for future works is to work towards an all-fiber
photonic packaging of these large-scale heterogeneously integrated systems in order
to operate the system in dilution refrigerators to reach temperatures low enough to
suppress phonon-induced decoherence [23, 138]. These advances, taken together with
the deterministic assembly of large-scale artificial atoms with AIN PICs containing
phase-stable interferometers [44, 185] and modulators [52, 186, 187], set the stage for
high-rate photon-mediated entanglement generation that underpins applications from

multiplexed quantum repeaters [163, 164] to modular quantum computing [13, 14, 47].

6.4 Integration of Single Photon Emitters in hBN
to AIN Waveguides

Then, in Chapter 5, we also demonstrated integration of room-temperature SPEs
in a 2D van der Waals crystal, specifically hBN, to an AIN waveguide. This hybrid
system constitutes the first step towards room-temperature, multifunctional photonic
circuitry based on 2D material quantum light sources. Further optimization can be

achieved by improving the coupling efficiency. Better nanophotonic components can
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be designed by inverse-design principles [188] and fabricated for more efficient and
functional on-chip photonic operations. Using monolayers of hBN would also dra-
matically improve the coupling efficiency to the AIN waveguide due to the increased
overlap of the AIN waveguide mode to the emitter. Research into strain engineered
quantum emitters may enable engineering the spectral characteristics of the emitter
on-demand for indistinguishability while being in a precise location on the waveguide
[189-191]. New developments of SPEs in hBN grown by chemical vapor deposition
(CVD) have been shown to have an unimodal distribution of quantum emission at
(580 + 10) nm with 2 per um? spatial densities that allow both spatial and spectral
overlap with a cavity fabricated in a heterogeneous material [192], further showing the
promise of forming ultra-bright, room-temperature, indistinguishable single photon

sources using hBN.

6.5 Towards Integration of SNSPDs on AIN Waveg-
uides

Finally, we showed the development towards AIN waveguide-integrated SNSPDs to
our quantum photonics system. The high quantum efficiency and low timing jitter
demonstrated with NbN SNSPDs grown on top of AIN would enable accurate on-
chip photon correlation measurements. As we show a process for co-fabrication of
NbN and AIN on a single chip, we can also use NbN as superconducting electron-
ics for fast optical modulation of the AIN waveguides using the AIN’s electro-optic
properties, low-loss transmission lines and antennas to deliver microwave signals for
the integrated quantum memories, and acoustic control of quantum emitters using
AIN’s piezoelectric properties. The 16-element detector architecture and operating
scheme would be useful for multi-photon coincidence detection in large-scale pho-
tonic integrated circuits, fitting the theme of this thesis of scalably manufacturing all
the necessary components for a large quantum photonic system. Furthermore, AIN’s

piezoelectricity can potentially be used to frequency transduce between the microwave
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domain and optical domain to interface photonic waveguides with superconducting
qubits that can be fabricated out of NbN. This would be done by coupling the vi-
brational mode of an AIN opto-mechanical resonator that uses AIN’s piezo-electric
properties with a superconducting circuit to transduce microwave photons to optical
photons. This would allow the two leading solid-state quantum information process-
ing technologies to combine where the superconducting qubits are excellent for local
quantum gate operations and quantum computation while atomic defect center qubits
are excellent quantum memories to form a quantum network or for tasks requiring

synchronization and quantum state storage.

6.6 Scalable Foundry Level Production of AIN In-
tegrated Photonics

The long-term goal for our wide-bandgap photonics platform based on AIN is to
extend it into foundry production so that we can go beyond just individual device
development and focus on making large systems. Silicon and SiN integrated photon-
ics have seen tremendous growth in a short amount of time due to those materials
already being available in commercial foundry processes. Fortunately (and part of
the reason for our selection of the material), AIN already exists in commercial CMOS
fabrication as an insulator for high voltage electronics. However, the material and
material patterning process do not result in the optical qualities necessary for low-
loss integrated photonics, mainly due to the fact that the AIN is deposited on SiOs,
which results in an amorphous or polycrystalline material that would have signif-
icant scattering loss from grain boundaries and absorption from defects in the UV
regime. Something similar to Smart-Cut® technology or growth of single-crystal AIN
on two dimensional materials on top of a substrate with low lattice mismatch with
the AIN that can then subsequently be transferred to any substrate [193] would be
crucial to make commercial-level production of this material in CMOS foundries pos-

sible. Hopefully more wide-spread use of AIN for quantum technologies would inspire
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further developments towards this.
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