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Solid-state defect qubits are emerging as a promising candidate for quantum information process-
ing. A fundamental resource for quantum information is entanglement between distant qubit nodes.
Several quantum platforms have demonstrated entanglement generation between two physically sep-
arated qubits. However, a scalable platform to efficiently entangle multiple qubits remains elusive.
Optically addressable defect qubits in diamond such as the nitrogen-vacancy (NV) and the silicon-
vacancy (SiV) centers serve as the foundation of this thesis. The crucial components of optically
interfaced defect qubit platforms are high-fidelity initialization, manipulation and readout of the
qubit spin state accomplished using photoluminescence on an optical cycling transition. Here, we
demonstrate significant steps towards realizing these components with a gallium phosphide (GaP)
on diamond hybrid photonic platform. Utilizing individual defect qubits created by targeted defect
formation process, experimental results on various defect-photonic coupling geometries are pre-
sented. Enhanced photon collection efficiency is measured for implanted NV centers coupled to
disk-resonators and inverse-designed photon extraction devices. One of the main challenges en-
countered with coupled NV devices is the significant spectral instability. By performing large-scale
automated resonant spectroscopy on the implanted NV centers, we determine that defect-surface
interactions are the dominant source of the observed spectral instability. This leads us to con-
sider the SiV center in diamond, which exhibits inherent protection from electric field fluctuations
arising by its inversion symmetry within the diamond lattice. We demonstrate coupling of SiV

centers to 1-D photonic crystal cavities (PhC) fabricated in GaP. To avoid perturbation of the



diamond surface, we fabricate the PhCs on a separate chip and integrate with SiV centers in di-
amond by a stamp-transfer technique. Ancillary components for a single chip architecture such
as single photon detectors, coherent frequency-conversion and passive photonics utilizing GaP are
also demonstrated. These results establish GaP-on-diamond as a suitable platform for efficiently

interfacing defects qubits with nanophotonic devices for scalable entanglement generation.
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532nm (resonant 637nm) laser source and the ZPL at 637nm (PSB emission from
650 to 800 nm) is collected for photon-antibunching (PLE) studies. b. Comparison
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Diamond surface preparation and simulations of implantation conditions: a. Mor-
phology of the diamond surface measured by atomic force microscopy. The RMS
surface roughness for sample A (B) was measured to be 0.63 (0.43) nm before im-
plantation and 0.56 (0.30) nm after implantation and annealing. b. A simulation
of the implantation profile obtained by SRIM for sample A (red, 7°) and sample B
(blue, 85°) showing the damage trails and final positions of implanted N atoms.
The green circle represents our excitation laser spot. Note that the implantation
yield is low (<5%), hence within an excitation spot there is a small probability each
trail results in a NV center upon annealing. Inset i. Illustration of the implantation
geometry. Inset ii. A cross-section of the simulation showing the ion damage trails
for the two implant angles. Total vacancies generated per ion is similar for both the
implant angles. However on sample B, some N atoms are lost due to ion scatter
out of the surface. . . . . . . . . . L

Correlated NV ODMR (RT) and PLE (T<12K) measurements on sample A: a.
Pulsed ODMR scheme utilized to identify the N isotope. Laser and radio-frequency
(RF) pulses are generated by an acousto-optical-modulator and RF switch, respec-
tively. (Laser power 0.8-1.0 mW, spot diameter ~800nm.) Pulses and photon collec-
tion are triggered by a programmable pulse generator. b. Confocal PL map of the
implanted region with the measured NV centers indicated by their isotope (green
15N, red N). c. ODMR spectra for the marked NV incorporating implanted '°N.
d. ODMR spectra for the marked NV incorporating grown-in '4N. e. Resonant exci-
tation (PLE) scheme utilized for characterizing the optical coherence of the marked
NV centers. Sidebands at 2.9 GHz are added (using an electro-optic modulator) to
the scanning resonant laser to counteract optical spin pumping. Upon detection of
an NV~ to NV? ionization event (indicated by lack of NV~ PL) a 50 ms off-resonant
green re-pump is used to reset the NV charge state. f. Time traces of PLE scans
measured at 10.5 K for three NV centers. Off-resonant re-pump between scans are
indicated by green squares along the right column, this induces large spectral jumps
in many NV centers (e.g. NV 1). The '\’ markers along the scan axis indicate
discarded scans where no NV PL is observed. The PLE traces for !NV centers
typically show long periods of spectral stability between re-pump pulses. . . . . . . .

Photoluminescence excitation characteristics of measured NV centers on samples A
and B: a. The fitted Lorentzian FWHM distributions for each observed NV. The
color box and black marker represent the interquartile range and median linewidth
respectively. The total number of scans and measurement duration comprising each
distribution is recorded in the accompanying table. The PLE traces for NV centers
1 to 3 are also shown in Fig. 6.2f. b. The distributions of the scan-to-scan change
in the center frequency of the fits, representing spectral variation. Off-resonant re-
pump pulses are only applied when NV ionization is detected. On average, there
are six re-pump events over a measurement duration of 10 min. The blue markers
indicate large spectral jumps after re-pump pulses. . . . . . . . . ... ... ... ..
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Automated ODMR and PLE measurements are performed on four additional samples
(C to F). We are not able to track the NV centers between ODMR and PLE with
the automated protocol. ODMR. NV /1NV ratio suggests predominance of >NVs
across all implanted samples. Similar to the previous dataset (Fig. 6.3), the average
linewidth for each individual NV is computed as the mean FWHM obtained by fitting
each of the 30 frequency scans to a Lorentzian. Automated PLE scans performed on
deep grown-in NVs (25 pm from surface, sample F) are used as a reference. . . . . .

The NV ZPL inhomogeneous distribution. The histogram is generated by recording
the center wavelength of all peaks observed with 532nm excitation from locations
within an implantation region (except the grown-in reference NV centers) on the
respective samples. Note that no distinction is made of the different transitions
associated with the NV excited state spin sublevels. The bin size is 0.025 nm, and
the spectrometer resolution is 0.021 nm. The histogram data is fitted to a Gaussian
to extract the full-width half max (FWHM) of the distribution. Sample B show an
obvious deviation from other samples. . . . . . . . ... ... ... .. ... ...,

a. SEM image of a fabricated GaP 1-D PhC resonator coupled to input and output
grating structures. A series of elliptical holes in GaP defines the PhC. b. Simu-
lated dispersion diagram of TE-modes supported by a blank waveguide structure
(no holes). The grey region marks non-guided modes within the diamond light-line.
Inset shows the top and cross-sectional view of the unit cell (cell width=a,;;=140nm)
consisting of GaP-on-diamond structure. The GaP waveguide is 222nm high and
360 nm wide. Simulations assume periodic boundary conditions along all directions.
c. Dispersion diagram with the optimized elliptical air hole (hz, hy) = (71, 183) nm
in the unit cell. Now we see the appearance of a TE band gap (marked in green). . .

a. SEM image of a fabricated GaP 1-D PhC resonator with the mirror and taper
regions annotated.b. The variation of the hole spacing across the PhC, distinguishing
the mirror and taper regions. c¢. FDTD simulated scaling of the total Q-factor of
the GaP-on-diamond PhC resonator with increasing number of mirror and taper
holes. The left edge (M=0) of the plot describes the over-coupled cavity regime
(dominated by @.) whereas at the right edge (M =20) we are operating in the under-
coupled regime (dominated by @;). For maximum SiV photoluminescence extraction,
we would like to operate in the critically coupled regime (Q.=Qji). . . . ... .. ..

a. An illustration of the stamp transfer process. We begin with GaP PhCs on a car-
rier chip and finish with PhC integration with SiV on diamond. b. Optical image of
suspended BGaP-on-Si PhC devices before stamp transfer. The yellow/blue regions
represent suspended and anchored regions of the BGaP. The suspended regions are
picked up by the polymer stamp and transferred to diamond. ¢. BGaP PhC devices
after transfer on diamond. d. Laser scanning profilometry data on transferred PhC
devices showing good adhesion to the diamond substrate. . . . .. .. ... ... ..
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a. Optical image of HSQ electron-beam patterns on BGaP (green) wet-transferred
on SigNy/Si substrate. b. Optical cross-polarized image of the devices after the
GaP RIE plasma etch. c¢. SEM image of etched photonic disk resonator devices in
the add-drop coupling configuration. Each waveguide is coupled to a set of three
disk resonators. d. Measured TM spectra of 5 pm diameter disk resonators through
the drop port as a function of the waveguide coupling distance (d.). The spectra
shown here corresponds to approximately four free-spectral range of the resonators
(i.e. four distinct groups of resonances). Few resonances are observed for the three
most undercoupled disks (d. = 200, 190, 180). e. The resonances are fitted to a
Lorentzian and their quality factors (Q)) are estimated as a function of the coupling
distance. The highest observed @ is ~ 24k and below the spectrometer resolution
limit (red line). . . . . . .

a. Optical image of BGaP-on-Si suspended disk resonator devices. The yellow re-
gions are suspended. The 5 pm diameter disks are supported by a small (~ 1 pm dia.)
Si pedestal at the center (grey). b. Angled SEM image of suspended devices in the
add-drop coupling configuration. Each waveguide is coupled to a pair of disks. The
undercut between BGaP and Si substrate is &~ 2 pym. We suspect that the waveguides
may be slightly bowed due internal stress within the BGaP, leading to variation in
resonator coupling across devices. c¢. Measured TE spectra of the disk resonators
through the drop port as a function of the waveguide coupling distance (d.). The
spectra corresponds to approximately four free-spectral range of the resonators. The
increased background in the spectra can be attributed to scatted light due to the
co-polarized nature of the input and output gratings (design limitation of suspended
structures). d. The resonances are fitted to a Lorentzian and their quality factors
(Q) are estimated as a function of the coupling distance. The highest observed @ is
~ 24k and below the spectrometer resolution limit (red line). . . .. ... ... ...

a. Optical image of HSQ electron-beam patterns on Fariba-GaP (green) wet-transferred

to SigN4/Si substrate. b. Devices after the GaP RIE plasma etch. The blue and
red square marks two different photonic patterns. The red region is identical to the
BGaP-on-SizNy chip (Fig.7.4). c. Angled SEM image of etched photonic disk res-
onator devices in the blue region. d. Measured TM spectra of 5 pm diameter disk
resonators (in the red region) through the drop port as a function of the waveguide
coupling distance (d.). Resonances are observed for even the most undercoupled
disks (d. = 200). e. The resonances are fitted to a Lorentzian and their quality fac-
tors (@) are estimated as a function of the coupling distance. The highest observed
@ is spectrometer resolution limited (red line). . . . .. ... ... ... .. ...

High resolution drop-port spectra obtained on the Fariba-GaP on SisN,4 using a tun-
able laser (760 to 785 nm). Here 1V laser piezo-voltage corresponds to 8.33 GHz. For
the 5 pm dia. undercoupled disk resonator devices, we observe that most resonances
are split, with a Lorentzian fit (orange) giving @ ~300k. . . . . . .. ... ... ...
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7.9

7.10

7.11

8.1

a. Angled SEM of suspended BGaP PhC devices. The devices are supported by a
large frame structure. b. Zoomed-in angled SEM showing the PhC resonator. Inset,
top-down SEM view of the holes defining the PhC cavity. The hole dimensions are
within 5 nm of design. c. Transmission spectra of a set of PhC resonators under TE
supercontinuum excitation. The bottom and top devices are blank waveguides (no
holes). We can see a photonic band gap structure between 680 to 725nm. There
are two resonator modes visible towards the edge of the band gap. d. Higher
resolution transmission spectra of the devices showing the first and second order
PhC resonances, with the estimated @Q-factor obtained by fitting to a Lorentzian. . .

a. Optical image of HSQ electron-beam patterns on GaP (green) wet-transferred on
Si02/Si substrate. b. Devices after the GaP RIE plasma etch. c¢. SEM image of
etched PhC devices. d. High-magnification SEM image of the etched PhC holes.
e. Transmission spectra of a set of PhC resonators under TE supercontinuum ex-
citation. f. Distribution of observed PhC resonances across the chip. Because the
GaP thickness is higher than design (290nm), the resonances are red shifted. g.
Distribution of fitted Q-factors measured across the chip. . . . . . ... .. ... ..

a. The transmission spectra of one specific PhC resonator tracked through multiple
thinning etch cycles. The resonance is blue shifted as the GaP thickness is reduced.
Additionally the PhC holes are gradually eroded, likely changing the coupling regime
from overcoupled to undercoupled. b. Devices after the blanket GaP RIE plasma
thinning etch. The resonances in the red region of the chip are tuned to match SiV~
emission. c. Distribution of observed PhC resonances within the red region. d.
Distribution of fitted Q)-factors measured within the red region. . . . . . . . . .. ..

a. The room-temperature transmission spectra of one PhC resonator under su-
percontinuum excitation compared to 532nm excitation. We can see the high-Q
SiV-coupled cavity mode at 743nm. b. A SiV PL confocal image of a stamped PhC
device under 532 nm excitation. The SiV PL appears suppressed at the center of
the cavity. c. A SiV PL confocal image of a stamped blank waveguide device under
532nm excitation. Here the collection is fixed at the output grating coupler (red
circle) while the excitation laser is scanned across the image. Significant SiV PL is
coupled into the waveguide and out through output coupler. . . . . . . ... ... ..

IMustration of a GaP-on-diamond photonic circuit for entanglement generation. . . .
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8.2

8.3

8.4

Al

A2

a. Illustration of the SSPD loop (teal) on the GaP waveguide (pink). The incident
photons are guided within the waveguide. b. Hotspot formation within the SSPD
upon absorption of the incident photon. Each hotspot event triggers a voltage pulse.
c. Colorized SEM image showing the NbN (blue) nanowire on GaP. d. A waveguide
coupled SSPD device identifying the AlGaP (grey), GaP (pink), NbN (blue) and
gold contact (yellow) layers. e. The detector response to normal attenuated laser
excitation vs nanowire bias current for various nanowire widths. f. The dark count
rate vs nanowire bias current for various nanowire widths. Optical measurements
performed at 4.2K. . . . . .. L

Schematic views with overlaid FDTD simulations and SEM images of integrated
devices. a. Waveguide-coupled disk resonators, b. directional coupler, c. grating
coupler (with schematic view halved for clarity). . . . ... ... ... .. ... ...

a. SEM image of the fabricated GaP-on-SigN4 resonator with accompanying grat-
ing couplers. The device is excited with telecom band tunable laser (red) and the
SHG signal is measured out of the vis/NIR output grating (yellow). b. Simulated
resonator E-field profiles of the quasi-phase matched telecom and second-harmonic
modes. c. Pre and post trimming optical images of a device. The ring was ex-
posed with a donut pattern. The waveguide and grating structures were utilized for
exposure alignment and thus were sometimes exposed. To reveal the exposed HSQ
pattern during the trimming process, the post-trimmed optical image was acquired
after developing the exposed HSQ in a 25% TMAH solution. Note that all optical
characterizations were performed before the development. d. Relationship between
HSQ exposure dose and observed wavelength shift of hybrid TEq; /TMg resonances
at the fundamental wavelength. e, f. A target trim-test showing the fundamental
wavelength resonances for nine devices with identically designed resonator dimen-
sions pre- and post-exposure, respectively. . . . . . . .. ...

a. Beamer flow. b. Fractured photonics pattern. c. Fully processed photonics
pattern showing the field boundaries and fractured shapes colored by dose. The
dense features near the center get a lower dose (blue), whereas the features near the
edges get a higher dose (red). . . . . . . . .. ... L

a. Diamond sample with gallium phosphide membrane before spin-coating b. After
spin coating HSQ. The large edge bead is because of the small sample size. c. After
spin coating water soluble spacer. . . . . . .. .. ..o o
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D.1
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F.1

F.2

F.3

a) Angled SEM image of an array of suspended BGaP photonic devices after the XeF,
release step. The silicon substrate has been undercut releasing the photonic devices,
however upon closer inspection, we can see silicon gossamer like material underneath
the freestanding beams. b) A zoomed in SEM of the red box in (a). This gossamer
material can be removed by the XeFy cleanup step. c¢) SiF, residue on the BGaP
after the vapor etch process. d) Optical bright field image of a successfully released
BGaP structure. The freestanding BGaP is yellow and BGaP still bonded to the
silicon substrate is purple. This variation in BGaP color can be utilized to determine
the etch endpoint. . . . . . . . . .

a) Top down SEM view of a HSQ test pattern on GaP after plasma RIE-ICP etching
with optimized parameters detailed in table.C1. The test pattern consists of arrays of
ridges (1:1, 1:2 and 1:4 duty cycle) and dots (1:1 duty cycle) with feature dimensions
of 62.5nm, 125nm and 250nm. b) SEM zoom-in of the 62.5nm dots, showing the
etched region between has cleared. ¢)Angled SEM view of the 62.5nm dots (pattern
transferred as cylindrical pillars) showing vertical sidewalls with high aspect-ratio.

a) SEM images of dose test patterns for AQM-HSQ written on a silicon substrate.
Spin speed 6k rpm for 45s produced a resist layer 150 nm thick. Per standard
HSQ procedure, the resist was baked at 80C for 4 min. After exposure the resist
was developed in 25% TMAH for 4 min. a) Dose of 1900 1C/cm?, underexposed
lines (37.5 nm). b)Dose of 2300 1C/cm?, underexposed lines (41.8 nm). c)Dose of
2700 1C/cm?, accurate exposure (50 nm). Features match design. d) Dose of 2700
1nC/cm?, accurately exposed array of dots (50nm dia. 100nm pitch). . . . . ... ..

The vacuum annealing setup consisting of a turbo pump directly connected to a
single ended quartz tube (via KF-25 vacuum fitting). The quartz tube sits inside a
tube furnace that is controlled by a computer interface. . . . .. ... ... ... ..

Inside the tube furnace. The temperature is controlled externally (the control knob
on the front panel is disconnected) by a PID algorithm. When placing the quartz
tube inside the furnace, ensure the tube is supported at the ends (purple boxes)
with quartz wool. The wool serves as insulation and dampens vibrations from the
turbopump. . . ... e

The oxygen annealing setup consisting of a double ended quartz tube. One end is
connected to the oxygen gas supply, whereas the other end is connected to a gas
bubbler. . . ..
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Chapter 1

Introduction

1.1 Background

Optically addressable defect qubits in materials like diamond® 2, silicon carbide®*, ZnO® and rare-
earth doped crystals®” show tremendous potential for realization of a wide range of quantum
technologies including single-photon generation, quantum metrology and quantum information sci-

ence.

At the heart of the emerging field of quantum information science is the development of quantum
networks® consisting of distant entangled qubit nodes”. Connecting spatially separated nodes via
optical photons into a quantum network will enable distributed quantum computing'® and long-
range quantum communication'!. In this quantum network approach, each node consists of a long
lived quantum memory associated with several ancillary physical qubits'?. Every node couples to
a common optical channel via one or more physical qubits. Quantum information is transferred
among stationary qubit nodes through flying qubits (photons) and multiple nodes can be entangled
with high fidelity using heralded optical measurements'3. The presence of several physical qubits at
every node can also enable quantum error correction' supporting robust interconnections. Initial

18

experiments on quantum dots'®, superconducting qubits'®, trapped atoms'” and ions'® as well as

defects in diamond!” have demonstrated entanglement between multiple nodes.

The nitrogen-vacancy (NV) center! in diamond is a promising platform for this networking
architecture because it offers all the components for formation of qubit nodes. It has a stable
electronic spin with long coherence time (>1ms)?%2! coupled to several nuclear spins that act as

memory qubits?2, while also coupling to photons through its optical transitions®>. NV centers can be



created on demand with high spatial precision by nitrogen ion-implantation and high-temperature
vacuum annealing. However, this implantation process results in damage to the diamond lattice
and results in concomitant creation of other defects. Full control over NV center formation thus
requires a detailed understanding of all the underlying defect kinetics. Recently, there has been

24727 and engineering NV center formation

significant progress in understanding NV center energetics
kinetics?®. Here, we utilize a new tool, the tracking of thousands of individual NV centers, to provide
insight into the formation, quenching, and orientation kinetics of a quantum defect in an ultra-pure
diamond host.

On demand NV center formation allows for integration with nanophotonic structures. Pho-
tonic integration is particularly desirable as it provides a scalable architecture for photon routing,
interaction and detection i.e. the building blocks of a quantum networking system. Optimizing
nanophotonic structures for efficient defect integration is often nontrivial and bespoke to meet
unique constraints imposed by the targeted application for a given defect system. For example, if
we consider high-sensitivity quantum metrology with NV centers in diamond, photonic structures
need to be optimized for efficient broad-band extraction of photons from NV centers located a
few nm from the sensing surface. In contrast, for quantum information applications, we prefer to
isolate the NV from any external influence and couple to the narrow-band zero-phonon line (ZPL)
transition of deep NV centers (250 nm from the surface). At cryogenic temperatures, about 4 %
of the NV photon emission is emitted into the ZPL transition'. Thus photonic device operation in
the Purcell-enhanced?’, or high-cooperativity>?, regime is preferable.

Maintaining the optical coherence and homogeneity of engineered defect qubits while simulta-
neously coupling to photonic structures is a very difficult challenge. Every qubit is unique in that
its quantum properties are a function of its local environment. This environmental sensitivity is a
key issue we focus on throughout this thesis. To date, photonic integration of implanted defects
with identical optical properties, essential for quantum information, has not been demonstrated.
There are two approaches to solving this problem, bottom-up starting with the defect qubit and
top-down starting with the photonic structures. The current state-of-the-art quantum information
experiments utilize the bottom-up approach, involving exhaustive search for well-behaved grown-in
deep single NV centers and fabricating micron-scale individual solid immersion lenses around the

targeted defects'?>?3. While it is important to demonstrate that a certain coherence time, optical



behavior, quantum operation, etc. is possible in one device with favorable characteristics, it must
also be possible to reproduce these characteristics. The top-down approach to photonic integration
that we employ here utilizes semiconductor processing techniques to enable fabrication of thou-
sands of photonic devices on diamond substrates hosting NV defects. The qubit-photonic coupling
is stochastic in nature. Although the NV centers are characterized prior to integration, we cannot
determine precisely which NV will couple to a given photonic device. While moving forward we can
employ implantation-device alignment strategies to mitigate this stochastic coupling, here we show
that with careful control of qubit density and design of photonic arrays, we can ensure a reasonable
yield of qubit coupled photonics. The primary factor behind observed device-to-device variability
is the high sensitivity of NV centers to their local charge environment® 34, This sensitivity is
particularly problematic for quantum information schemes that rely on two-photon interference for

qubit entanglement. Here, the indistinguishable nature of emitted photons is essential'3

, requiring
spectrally stable NV centers. Thus, the concept of scalability is not merely the ability to fabri-
cate many physical devices using semiconductor processing techniques. In order to move beyond
proof-of-principle experiments, the properties of the defect and coupled device must all be precisely
controlled in a scalable approach to provide an efficient, reliable and reproducible system.

On account of the variability of NV centers, we also explore nanophotonic integration with a

35,36 Owing to its in-

different point defect in diamond called the silicon-vacancy (SiV™) center
herent inversion symmetry within the diamond lattice, SiV™ centers exhibit reduced sensitivity to
variations in their local charge environment. In addition, the SiV center also exhibits higher ZPL

emission efficiency ( 70 %)".

Unlike the NV center, orbital relaxation through electron-phonon
coupling®® limits the SiV™ electron spin coherence time to 45ns at 4 K3?. However, freezing out
phonons by cooling to milli-kelvin temperature in a dilution refrigerator allows the spin coherence
time to recover to 13ms at < 500 mK*°. Thus SiV~ centers present a reasonable near-term com-
promise of reduced operation temperature for increased spectral stability, enabling realization of
photonic integrated devices for quantum networking.

We demonstrate three different geometries for photonic integration, all of which utilize a thin
(<250 nm) high index (n=3.4) gallium phosphide (GaP) on diamond (n=2.4) structure. The first

design involves NV centers coupled to photonic disk-cavities demonstrating high Purcell enhance-

ment. These devices exhibit high cavity quality factors and enhanced NV ZPL collection efficiency,



and employ fabrication techniques that etch into the diamond host. In these devices we utilize an
external electric field applied by patterned electrodes to dynamically stabilize NV optical emission
by Stark tuning®" 4542 A second design utilizes a novel inverse-design photonic optimization tech-
nique to design broadband photon-extractor devices. This design is constrained to only etch the
GaP layer, preserving the integrity of the diamond host and minimizing perturbations experienced
by coupled NV centers. Finally, in the third design, we further isolate the diamond qubit host from
the fabrication process by fabricating 1-D photonic crystal cavities (PhC) on a separate carrier
substrate. Using a gentle polymer stamp transfer technique, these PhC devices are stamped on

diamond samples containing near-surface SiV~ centers.

Thus the important figures of merit for successful defect qubit nanophotonic integration are:

Efficient photoluminescence collection from the defect qubit

Enhanced photon emission rate into a desired optical mode which results in reducing the

lifetime of the defect excited state

Reduced inhomogeneous distribution and spectral stability of qubit transitions (including

defect charge-state stability)

Integrated mechanism for tuning defect qubit transition frequency

In summary, we demonstrate the ability to tailor defect qubits in diamond starting from the
initial defect formation process through to nanophotonic integration. Extensive optical charac-
terization of the defect centers performed both before and after fabrication provides insight into
changes in the local environment and points to important fabrication/design considerations for

future integration of defect qubits and nanophotonics.

1.2 Overview of this thesis

This thesis consists of five experimental projects that are each presented as a separate chapter

in chronological order. We begin by discussing briefly some underlying theoretical concepts in



Chapter 2. A brief description of diamond as a qubit host material, with a focus on NV centers, and
the recently investigated SiV center is provided. A simple photon-mediated quantum networking
protocol is demonstrated to provide context for the overall idea of quantum information processing.
This is followed by a discussion of gallium phosphide as a photonic device layer and the advantages
of hybrid nanophotonic integration.

In chapter 3, we demonstrate coupling of single NV centers to GaP disk resonators. The NV
centers are created at a depth of 20 nm by nitrogen ion-implantation and annealing (800°C, in inert
Ar atmosphere). Significant enhancement of the NV ZPL photon collection efficiency (>25-fold
Purcell-enhanced regime) is observed. Careful spectroscopic study provides insight into optical
inhomogeneity and spectral diffusion of the coupled defects. We attempt to compensate for the
spectra diffusion by utilizing dynamic Stark tuning feedback, obtaining linewidths of ~ 3 GHz, two
orders of magnitude higher than the NV lifetime limit (= 15MHz). We suspect that strain and
charge-trap driven electric field fluctuations experienced by the NV centers due to implantation
and etching into the diamond could be the major source of NV spectral diffusion.

In chapter 4, by performing repeated vacuum annealing of diamond samples and tracking thou-
sands of individual NV centers between anneals via photoluminescence confocal microscopy, we
study the formation dynamics of NV centers. Detailed analysis of the annealing data provides
insight on optimal NV formation conditions and preferential orientation of NV centers within the
diamond lattice.

In chapter 5, we fabricate and characterize a novel inverse-designed grating like structure op-
timized for photon extraction from near-surface NV centers. Based on results from the previous
chapter, post-implantation we anneal the diamond at a higher temperature (1200°C, in vacuum) to
heal the implantation damage and mitigate bulk defects. Further, we constrain the photonic design
to etch just the GaP layer, leaving the underlying diamond defect host undisturbed. Significant
enhancement (14-fold) of the NV ZPL photon collection efficiency is demonstrated. Spectroscopy
of coupled NV centers shows reduced spectral diffusion, and linewidths of ~ 800 MHz are observed.
Although our design avoids etching into the diamond, the GaP photonics plasma etch likely modi-
fies the surface termination of the diamond and introduces new surface charge traps. The observed
spectral behavior is surprising as the NV centers are implanted 100nm beneath the surface specif-

ically to isolate against surface perturbations.



In chapter 6, we perform a detailed investigation of surface and laser-induced noise on the
behavior of implanted near surface NV centers (100nm to 20nm deep). To pin down the likely
source of spectral diffusion observed in chapters 3 and 5, linewidth statistics on a large number
of implanted NV centers is collected and analyzed by an automated resonant spectroscopy tech-
nique. We observe that implanted NV centers 100 nm deep exhibit long periods of spectral stability,
wherein their spectral characteristics can be akin to optically coherent grown-in NV centers. The
implanted and grown-in centers exhibit comparable median optical linewidths. However, we do see
distinct advantages for grown-in centers in terms of behavior under off-resonant green re-pump and
inhomogeneous ZPL distribution. Further, we show that the optical stability rapidly degrades with
increasing proximity to the diamond surface (depth < 100 nm).

In chapter 7, because of the high surface sensitivity of NV centers, we investigate photonic
integration with the SiV center in diamond. Here, we utilize 1-D photonic crystal (PhC) waveguide
cavities defined in GaP. Based on techniques developed with NV centers, we first create SiV centers
at a depth of 20 nm by silicon ion-implantation and annealing (1200°C, in vacuum). We transition to
independent fabrication of photonic PhC devices on a silicon oxide carrier chip (GaP-on-SiO3) and
subsequent integration with a diamond qubit host using a stamp-transfer technique. The stamping
process avoids the plasma exposure of diamond, preserving the qubit environment. Additionally,
stamping allows us to carefully characterize the cavity resonances of the PhC GaP-on-SiOy devices
before transfer to diamond. Tuning of the PhC cavity resonance wavelength to match the SiV
ZPL transition is demonstrated by controlled iterative thinning of the GaP photonic layer. This
significantly increases the yield (80 %) of qubit coupled photonic devices. After transfer to diamond,
we measure high SiV-coupled PhC cavity quality factors within 10 % of the design goal and show
enhanced SiV ZPL collection efficiency (Purcell-enhanced regime).

We conclude in chapter 8 with a focus on the experimental realization of on-chip entanglement
circuits. We begin with a discussion of current and future research directions to improve the
performance of defect coupled photonic devices. Next, we present results on ancillary on-chip
photonic components (single-photon detectors, passive devices, frequency-converters) necessary for
implementation of on-chip entanglement generation and distribution using the GaP nanophotonic

platform.



Chapter 2

Theory

2.1 Solid-state qubits in diamond

2.1.1 Diamond host material

Diamond is an electronic insulator with a wide band gap of 5.45eV making it optically transparent
in the visible regime. It can be synthesised with impurity concentrations below parts-per-billion
scale and isotopically purified*? to eliminate magnetic noise from nuclear spins. We utilize 2mm x
2mm ultra-pure (type-Ila) chemical vapor deposition (CVD) grown single-crystal diamond samples
(electronic grade, ElementSix, N < 5ppb, B < 1ppb), with the surface oriented along the <100>
crystal axis. The CVD diamond surface is typically polished to ~1nm RMS roughness. The
as-grown diamond surface has dangling bonds that are hydrogen-terminated from the presence of
hydrocarbon precursors in the growth environment. Exposing the diamond to oxygen plasma or

oxygen gas at elevated temperatures can oxygen-terminate the surface*.

Changing the surface-
termination modifies the local Fermi-level and is an important consideration for the charge state

stability of near-surface defects.

2.1.2 The NV center in diamond
Physical structure:

The NV center is a point defect in diamond consisting of a substitutional nitrogen atom and a
vacancy occupying a nearest-neighbor lattice site. The NV defect axis is parallel to the <111>

diamond crystal axis. Thus there are four possible orientations of the NV center in the diamond



lattice (eight orientations if the nitrogen and vacancy positions are interchanged). Exciting with a
linearly polarized light source, the two sets of optically distinguishable NV orientations for a <100>

diamond sample are indicated in Fig. 2.1a.

Electronic structure:

The electronic level-structure of the NV center lies deep within the diamond band gap (Fig. 2.1b)
and is defined by the electron number, Cs, defect symmetry, spin-orbit and spin-spin interactions, as
well as external electric and magnetic field perturbations. The NV center is observed to exist in the
neutral (NV?) and negative (NV~) charge states. Rapid charge-state conversion can be observed
between the NV? and NV~ states, mediated by two-photon absorption and subsequent electron

45 Thus every NV center has emission corresponding to both NV and

recombination processes
NV~ transitions, with the ratio of the average photoluminescence (PL) intensities determined by
the local Fermi-level, excitation wavelength and excitation intensity. Under off-resonant excitation
(532nm, Fig. 2.1c), both the NV? and NV~ charge states exhibit a sharp zero-phonon transition
(ZPL, at 575nm and 637 nm respectively) with a broad phonon-mediated sideband (NVY PSB,

575nm to 800 nm; NV~ PSB, 637 nm to 800 nm).

The NV~ state, consisting of five electrons from the dangling bonds of the three carbon atoms
and a nitrogen plus an extra electron captured from the environment, forms a spin-1 system which
in its ground state occupies an orbital-singlet spin-triplet state. The ms=0 and ms=41 ground state
spin triplets are separated by a 2.87 GHz zero-field splitting. The ground state spins can therefore
be manipulated by the application of a RF microwave field. The ground state couples optically
to an orbital-doublet spin-triplet excited state, which can decay back into the ground state either
directly or via the spin-singlet states (inter-system crossing?®) (Fig. 2.1b). An essential feature of
the NV~ electron spin state is that it can be initialized, manipulated, and read out optically at
room temperature. For both sensing and quantum information applications, the NV~ charge state
is required. Thus, a critical consideration for device integration is the need to minimize ionization
into the NV? charge state. Henceforth, all mentions of NV centers refer to the NV~ charge state,

unless explicitly specified otherwise.
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Figure 2.1: a. The four orientations of an NV center in the diamond lattice. The two sets of
optically distinguishable orientations for a <100> diamond sample are indicated by magenta and
green. b. The electronic structure of the NV~ center within the band gap of diamond. A simplified
excited state structure is shown. c¢. Room temperature PL spectra of an ensemble of NV centers
under off-resonant excitation. The NV? and NV~ ZPLs are shown along with the large phonon
side bands. The sharp line at 573 nm is the first order diamond Raman line due to the 532nm
excitation.

Optical properties:

For NV centers in diamond, photoluminescence (PL) detection efficiency is intrinsically limited
by the non-directional spatial emission of PL and total internal reflection between the high-index
host material and its low-index environment (Fig. 2.2a). For a diamond-air interface, even with a
high numerical-aperture objective (NA=0.95), less than 4 % of the emitted NV photons can be col-
lected. To enable high PL collection efficiency, photonic structures such as solid-immersion lenses*’,

waveguides 4% and nanophotonic cavities 344951 have been utilized. Nanophotonic devices are

particularly attractive for their small footprint and potential for scalable integration.

The NV center exhibits an overall radiative quantum efficiency of ~80 % with 3 % of the photons
emitted in the ZPL. This is dictated by the relatively large shift in nuclear coordinates between the
NV center’s ground and excited states, which results in decay from the excited state into phonon-
coupled higher vibrational levels of the ground state. Only ZPL photons are usable for quantum

information applications. The rate of ZPL photon emission can be selectively enhanced by coupling
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Figure 2.2: a. Illustration of total internal reflection limiting NV PL collection into free space.
b. (adapted from Ref.[33]) The behavior of NV~ excited state structure as a function of the local
transverse strain. This behavior is analogous to variation in transverse electric field, and is the
primary cause of spectral diffusion. b.1. At high strain, the excited state manifold splits into
two triplets. The allowed optical-transitions are shown as red arrows. b.2. Level-crossings in the
lower branch (E,) can enable spin-flip transitions. c. Low temperature (8 K) spectra under off-
resonant excitation of a single implanted NV in a high strain environment exhibiting a 48 GHz E.-E,,
splitting. Inset: the E,, E, transitions show near-orthogonal excitation polarization dependence.

the NV ZPL to a high quality-factor (Q-factor) resonator. This is experimentally demonstrated in

chapter 3.

At low temperature (T<4 K), the lifetime-limited linewidth of NV centers has been measured to
be ~13MHz*! corresponding to an excited state lifetime of 11.5ns. It must be noted that lifetime
limited linewidths have only been observed for spectrally stable grown-in deep NV centers. The
excited state structure of the NV center is composed of an orbital doublet (e, e,). Any perturbation
of the local strain or charge environment breaks the orbital degeneracy and results in mixing of the e,

and e, orbital branches% 33, In the limit of high transverse strain or electric field, the excited state
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Figure 2.3: a. The structure of the SiV center in the diamond lattice. b. Energy level structure
of the SiV center. Adapted from R. Evans et al.>® c. SiV photoluminescence spectra showing the
four transitions and their polarization dependence. Adapted from C. Hepp et al.?.

manifold splits into two triplets (Fig. 2.2b). The strain (or electric field) component parallel to the
NV axis results in the overall shift of the entire excited state manifold and further increases the static
inhomogeneous variation of the ZPL emission energy (Fig. 2.2b, c¢). Thus, local charge fluctuations
originating from interaction with other defect centers or surface-functionalization triggers spectral
diffusion and dephasing of the NV center ZPL. On-demand creation of transform-limited NV centers
by methods such as ion-implantation, laser-writing, etc. is an ongoing challenge faced by the defect

qubit community®?.

2.1.8 The SiV center in diamond

Physical structure:

The SiV center is a point defect in diamond, consisting of a substitutional silicon atom and a split
vacancy occupying the nearest-neighbor lattice sites i.e. the silicon atom is centered between two
empty lattice sites (Fig.2.3a). Similar to the NV, the SiV symmetry axis is parallel to the <111>
diamond crystal axis and there are four possible orientations® of the SiV center in the diamond

lattice.
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Electronic structure:

Utilizing photoluminescence measurements the SiV center has been observed to exist in two charge
states; SiV™3° and SiVY®* with transitions near 737 nm (SiV~) and 940 nm (SiV?) respectively. It
has been suggested that charge-state conversion occurs between the two states upon excitation®,
but unlike the NV charge state dynamics, much is still unknown about the SiV. Here, we focus on
the well established SiV™ charge state. The center hosts a total number of eleven electrons: six
electrons contributed by dangling bonds, four electrons from the Si atom and one electron trapped
from nearby donors to account for the negative charge. It is a spin-1/2 systems that exhibits a
D3gq symmetry in the diamond lattice, which renders the optical transitions insensitive to electric

35,56,57 " The ground and excited states each consist of

fields to first order in perturbation theory
a fourfold degeneracy (twofold orbital and a twofold spin degeneracy). At zero magnetic field, the
excited and ground states have their orbital degeneracy partially lifted by the spin-orbit coupling,
and the splittings are 260 GHz and 47 GHz respectively. In an external magnetic field, Zeeman

interaction lifts the spin degeneracy.

Optical properties:

The four dipole allowed transitions are labeled A, B, C, and D in the order of decreasing energy in
Fig.2.3b. Each excited state has dipole transitions to the two ground states forming an optical A
system, resulting in the emission spectrum shown in Fig.2.3c. These four transitions comprise the
zero-phonon line (ZPL), which contains more than 70 % of the total fluorescence. The SiV ZPL
efficiency present a significant advantage of NV centers, however the overall radiative quantum effi-
ciency is lower (0.1 for SiV vs 0.8 for NV) resulting in similar observed ZPL counts in experiments’®.
The polarization of the four transitions can be grouped into two subsets. The inner transitions are
polarized parallel to each other and perpendicular to the outer ones®.

At low temperature (T<4 K), the lifetime-limited linewidth of SiV centers has been measured
to be ~94 MHz>3, corresponding to an excited state lifetime of 1.7ns. Typically SiV centers (even
those formed by Si ion-implantation and annealing) exhibit optical linewidths within a factor of

three of the lifetime limit (including the effects of phonon broadening and spectral diffusion). The

SiV is sensitive to strain, which can both shift the average energy (for axial strain) and increase
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the splitting (for transverse strain) in the ground and excited state manifolds. Transitions B and
C within the ZPL are relatively insensitive to transverse strain because their ground and excited
states shift in the same direction: both upward for transition B and both downward for transition

C.

2.2 Photon-mediated entanglement protocol

Several protocols have been proposed for entangling distant spin qubits through photon detection.
The process relies on state-dependent photon scattering from two qubits, followed by erasure of
the which-path information, which serves to remove any information regarding the origin of the
scattered photons, creating quantum indistinguishability. The photonic qubit can be encoded in
either photon polarization, spatial modes or in the photon number state (photon number states 0
or 1). Either way, the quantum erasure step projects the quantum states of the spin qubits into a
non-local quantum superposition. Various schemes for universal quantum computers based on this
heralded entanglement technique have been proposed.

A brief description of a simple photon-mediated remote defect entanglement process follows
(Fig.2.4b). Here we consider identical NV centers as our two target qubits, with each qubit emitting
identical photons (i.e. having the same polarization, the same temporal mode and the same spatial

8

mode) corresponding to their ZPL transitions. The two photon entanglement scheme®® can be

divided into four steps.

1. Initialization: The protocol starts by initializing each NV to the |0) ground state (Fig.2.4a).
This is typically achieved by a short off-resonant (532nm) excitation pulse. Due to decay
channels involving excited state mixing and singlet inter-system crossing, the NV system
has a very high spin-polarization fidelity into the |0) state of >85% (>99.5 % with resonant
initialization)".

2. Spin superposition: Next, a 7/2 RF pulse (at frequency corresponding to the ground state
energy splitting of ~2.8 GHz) is applied to each NV (Fig.2.4b). This brings each qubit into

a ground state superposition state (in this description, we ignore the normalization of the
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Figure 2.4: a. Simplified NV electronic structure for discussion of the remote entangle protocol. b.
A four step approach for remote entanglement generation.

states for convenience)

() Nv_1/2 = 10) +[1)

3. Photon emission: A short optical 7 pulse is applied to each NV (resonantly exciting the
NV ZPL transition |0) — |e)) bringing the NV center to the optically excited state |e) only if
it was in the |0) state; from there, it will spontaneously decay, emitting a photon. Each NV

qubit is now entangled with the presence/absence of a photon

[V nv_1y2 = 10)e (1) + 1) [0),

Here |0/1), represent the NV electronic spin states and |0/1), represent the photon number

state.

4. Photon interaction: Collecting the NV photons in a common optical channel and interfering
them on a 50/50 beam splitter, erases the which-path information. Detection of a single

photon in the output channels, projects the system into an entangled state. e.g. if detector-1
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clicks we obtain the total two NV state is given below:

|\Il> = <1’cl/02 (|O>el |0>e2 ’1>cl |1>c2 + ’0>el ‘1>e2 |1>cl ’0>02

F 01 10)e2[0) 1 [Dea + [1er [Deg 101 10)c2)
’\II> = |0>el ’0>€2 + ‘0>e1 |1>62 + ’1>el ‘O>32

Here, to get rid of the first term, step-3 can be repeated after application of a # RF pulse to

the NV qubits. Now, we end up with the maximally entangled Bell state:

[U) = 10)e1 [L)en + 1)1 10) o

The entanglement success rate for such a protocol scales as the square of the overall photon
detection efficiency (including all the optical losses along the path from the NV to the detector and
the intrinsic probability of NV ZPL photon emission). For a real-world implementation of such a
scheme with free-space optics (including experimental overheads), the overall success probability is
of the order of 1074 1923, This illustrates the need to maximize both the ZPL emission rate and

photon collection efficiency, and motivates the application of nanophotonic devices.

2.3 Gallium phosphide for hybrid nanophotonics

Nanophotonic coupling to defects in diamond can be achieved either by defining nanostructures
directly in diamond or by utilizing a hybrid materials approach. In this thesis, we focus on the
hybrid approach, involving transfer of a thin gallium phosphide (GaP) membrane (125 to 250 nm
thick) on diamond. The GaP membrane is grown over an aluminium gallium phosphide (AlGaP,
>80 %Al content) sacrificial substrate by a molecular beam epitaxy (MBE) process®’. For photonic
device fabrication, we undercut the sacrificial AlIGaP and wet-transfer the thin GaP membrane
either directly on the diamond qubit host (chapter 3, 5) or to a separate silicon oxide carrier
wafer (chapter 7) for further processing (Fig.2.5). There are many advantages to utilizing a hybrid

integration with GaP-on-diamond nanophotonics:
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2. Define

1. MBE Growth membrane 3. Wet-transfer
4a. GaP-on-diamond
Top-view
1.5% HF 4b. GaP-on-SiO;
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Alg.s5Gap.1sP
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Figure 2.5: An illustration of the GaP membrane transfer process. The typical sacrificial AlGaP
thickness is 300 nm and GaP membrane thickness is 125 to 250 nm (defined by the photonic design
requirements). The membrane etch-via are defined by optical lithography and GaP plasma etching.

1. GaP with its large band gap (2.26 €V, 548 nm) is transparent in the visible band and exhibits a
higher refractive index than diamond (3.25 vs 2.4 at 700 nm respectively). This index contrast
enables guided optical modes primarily localized within the GaP layer. Defect emission is
coupled to the evanescent field of the guided modes. We have demonstrated very high quality
factors (Q > 3eb) in the visible range for small (5 pm diameter) GaP disk resonators, indicating

very low intrinsic loss.

2. Being a non-centrosymmetric material, GaP exhibits a large second-order optical nonlinearity.
GaP photonic devices have been used for second-harmonic®! and sum-frequency generation%?.
This could enable on-chip frequency conversion of defect emission to the telecom band allowing

remote-entanglement schemes across vast distances utilizing existing optical-fiber infrastruc-

ture.

3. GaP possesses sufficient stiffness and structural integrity for fabrication of narrow suspended
photonic structures (~150nm wide) and subsequent transfer via physical stamp transfer.

Such devices are discussed in detail in chapter 7.

4. The MBE-grown GaP surface typically exhibits sub-nm RMS roughness®? suitable for the de-
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velopment of on-chip superconducting nanowire single-photon detectors. Preliminary devices

utilizing superconducting niobium-nitride on GaP detectors are demonstrated in chapter 8.

. High-performance on-chip acousto-optical devices®% could be fabricated in GaP with its
combination of slow sound velocity (acoustic confinement), high refractive index (optical
confinement), and large photoelastic constant® 6. Such devices could compensate for the

inhomogeneous distribution of optical emission from defect qubits in diamond.

. Making use of the piezoelectric properties of GaP, coherent transduction of microwave signals

d%%67. This could provide a route for

to optical frequencies has been recently demonstrate
coupling optically addressable defect centers in diamond with superconducting qubit circuits,

enabling hybrid qubit architectures.

. GaP is nearly lattice-matched to silicon (5.43 A vs 5.45 A respectively). Boron doped (2.7 %
B) BGaP-on-silicon is commercially available in large 300 mm wafers. The optical properties

of the BGaP material are characterized in chapter 7.
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Chapter 3
Integration of NV centers with GaP disk

resonators and dynamic stabilization

Generating entangled states of qubits requires efficient detection of indistinguishable photons
from separate qubits. In this chapter, we demonstrate coupling of single NV centers to GaP disk
resonators. The NV centers are created at a depth of 20nm by nitrogen ion-implantation and
annealing (800°C, Ar atmosphere). Large enhancement of the NV ZPL photon collection efficiency
is observed, at the cost of increased optical inhomogeneity and spectral diffusion. We show that
the NV inhomogeneity can be partially compensated by electric field tuning. These results address

some of the challenges of chip-scale entanglement generation.

This chapter has been published as:

Schmidgall, E.R.*, Chakravarthi, S.*, Gould, M., Christen, I.R., Hestroffer, K., Hatami, F. and Fu, K.M.C., 2018.
Frequency control of single quantum emitters in integrated photonic circuits. Nano letters, 18(2), pp.1175-
1179. Reprinted with permission, copyright 2018 American Chemical Society.

* Equally contributing authors

https://doi.org/10.1021 /acs.nanolett.7b04717
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3.1 Introduction

A quantum network, or entangled graph state of qubits®% 6870

, enables both quantum communica-
tion and universal quantum computation. Optically heralded entanglement®® of defect qubits can
be utilized to generate the graph state’s entanglement edges between qubit nodes. However, to
date, entanglement generation rates are too low to realize multi-qubit networks®® due to photon
emission into unwanted spatial and spectral modes. The integration of crystal defect-based qubits
with photonic circuits offers an opportunity to significantly enhance photon collection efficiency®,
albeit at the cost of degrading the defect’s optical properties, such as an increase in inhomogeneous
ZPL emission energy and decreased spectral stability*» 7. Since the entanglement protocols used
for generating graph state edges require detection of multiple indistinguishable photons from sepa-

58,73

rate emitters , compensating for the static and dynamic spread in emission energies is of critical

importance for scalable on-chip graph state generation.

42,74 and stabilize®! the emission energy of

The dc Stark effect has been used previously to tune
quantum defects in bulk diamond. Here, in a series of experiments, we demonstrate the ability to
tune the emission energy of photonic device-coupled near-surface NV centers over a large tuning
range. Measurements on many single waveguide-coupled NV centers highlight the variability in
response to an applied bias voltage, suggesting challenges in reaching the level of control necessary

for chip-scale integration. Despite this variability, we are able to apply real-time voltage feedback

control to partially stabilize the emission energy of a device-coupled NV center.

3.2 Hybrid GaP-on-diamond photonic resonators

75,76

In a GaP-on-diamond photonics platform, we are able to efficiently couple single NV centers

to disk resonators, enhancing the zero-phonon line (ZPL) emission rate via the Purcell effect’!.

3.2.1 Fabrication process and device yield

Near-surface NV centers were created in the single-crystal electronic grade diamond sample (Ele-
mentSix) by NT ion implantation (10 keV, 3x10'° em~2, CuttingEdge Ions), followed by a two-step
anneal. A 2-hour, 800°C annealing step was performed under a 5%/95% Hs/Ar forming gas atmo-
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Figure 3.1: Illustration of the process flow involved in the fabrication of the NV-photonic integrated
devices. The grey, pink and yellow represent diamond, GaP and gold layers respectively. Details
of the fabrication process are provided in Appendix A.1-4

sphere in order to allow diffusion of vacancies to form NV centers. A subsequent 24-hour 460°C
anneal was performed in air in order to oxygen-terminate the surface and improve stability of
the negatively charged state of the near-surface NV centers’’. A 125 nm thick GaP membrane
was transferred to the diamond via epitaxial liftoff in hydrofluoric acid and van der Waals bond-
ing™. Using negative-tone optical lithography (NR9-1000 resist, AD10:DI 3:1 developer), a set of
5 nm/50 nm Ti/Au alignment marks was fabricated on the GaP-on-diamond chip via evaporation
and liftoff in acetone. These alignment marks were used for ensuring overlay between the electron
beam lithography and reactive ion etching step that defined the photonic devices and the electron
beam lithography and evaporation/liftoff step that defined the integrated Ti/Au electrodes and

wires around the photonic devices.

Following definition of the alignment marks, hydrogen silsesquioxane (HSQ) was spin-coated to

be used as the electron beam lithography resist. Photonic devices were patterned by electron-beam
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lithography (JEOL 6300). Two reactive-ion etch (RIE) steps were then used to etch the devices.
The first RIE step (3.0 mTorr, 1.0/6.0/3.0 sccm Cly/Ar/Ng, 235 V dc bias) was used to etch the
GaP layer and the second (25.0 mTorr, 20 sccm Oy, 65 V dc bias) was used to etch the diamond.
The diamond etch depth was ~ 600 nm.

For the definition of metal electrodes, PMMA A8 495 was used as a positive resist for electron
beam lithography. After development in 1:1 MIBK/IPA, 7 nm/70 nm Ti/Au was deposited via
evaporation and liftoff in acetone. Thick 70 nm/700 nm Ti/Au bond pads for wirebonding were
defined by negative-tone optical lithography (NR9-1000 resist, AD10:DI 3:1 developer), evaporation,
and liftoff. The sample was then indium mounted on the sample holder, and ball/wedge ultrasonic
wirebonding with Au wire was used to connect sample electrodes to the sample holder electroless
nickel immersion gold PCB connections. Fig. 3.1 shows an overview of the fabrication process.

Due to variation in the local environment induced by ion-implantation and plasma processing,
the NV centers experience local strain and electric field fluctuations. As a result of the static dipole
moment of the NV’s excited state, there is variation in ZPL emission energy both between different
NVs and in the emission energy of a single NV over time (spectral diffusion). However, this dipole

13,41,42,74 * We provide

moment also enables electric field control of the defect’s emission energy
this control through the addition of Ti/Au electrodes to this GaP-on-diamond photonics platform.
Around each photonic device is a pair of Ti/Au electrodes with a ~ 6 pm spacing. These electrodes
allow application of an electric field transverse to the waveguides, with a simulated field strength
inside the waveguide and disk resonators of a few MV/m (Fig. 3.4b), similar to values used in
previous Stark effect tuning experiments3!. Due to the <100> diamond surface, this externally
applied field has components both parallel and perpendicular to the NV axis.

Of the 32 waveguides and 128 disk resonators fabricated on this sample, 12 waveguides had
working electrodes such that a voltage-dependent response was observed from waveguide-coupled
NV centers (38%). The remaining devices had either broken waveguides (10 devices, 31%), broken
electrode leads (7 devices, 22%), or both (3 devices, 9%). In the intact waveguides, every waveguide
had coupled NV centers whose emission could be observed via the grating coupler. Of the 128 disk
resonators, 21 were located on intact waveguides with working electrodes and had cavity modes
within Xe gas tuning range (~ 2nm) of the ZPL emission wavelength (16 % of the disk resonators).

Xe gas tuning resulted in resonator-coupled NV centers in 8 of these 21 resonators. Thus, the overall
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Figure 3.2: a. A schematic of the measurement configuration. The NVs coupled to either disk
cavities or waveguides are excited by off-resonant 532 nm laser and the NV ZPL emission is collected
at the output grating. b. Scanning electron micrograph (SEM) image of the fabricated devices.
Inset: false color SEM image showing the diamond, GaP and gold (grey, pink, yellow) layers. c.
By deposition of Xe gas (purple) on the disk cavities, the cavity resonance can be red-shifted. d.
Left: Xe gas tuning of a disk resonator. The cavity mode is indicated by a dashed white line. The
laser excitation spot is moved slightly between the two measurements at ¢ ~ 28 minutes, resulting
in the appearance of a second coupled NV center. At 50 minutes, the Xe gas flow is restored and
the cavity tuned from resonance. Right: Stark tuning of the two coupled emission lines with the
application of a square wave bias.

yield for resonator-coupled NV centers with working electrodes is 6 %. The photonic device yields
are comparable with yields reported in previous GaP-on-diamond device fabrication attempts’® ™.
The addition of electrodes lowers the overall yield for the disk resonators, but increasing the number
of disk resonators per waveguide from the 4 used here to 6 or more should offset this effect. The

complete process flow is available in appendix 1-4.
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3.2.2  Characterization of cavity-coupled NV centers

We first tune the cavity mode of a waveguide-coupled disk resonator onto NV ZPL resonance via
Xe gas deposition, while monitoring the PL emission from the waveguide grating coupler. The Xe
gas deposition results in a red-shift (Fig. 3.2¢, d) of the resonator cavity mode. Coupled NV centers
are bright when in resonance with the cavity mode and not visible otherwise®'. The placement of
NVs with respect to the optical mode is random; the ion-implantation fluence used to create the
NV centers, was chosen such that probability of obtaining coupled cavities is high. Hence, several
centers can be excited in a single laser spot (d~0.8um). In (Fig. 3.2d:left) there are several NV
centers that couple to the cavity mode of this particular disk resonator.

In these devices, the average linewidth for a device NV center as measured in our standard
grating spectrometer is 34.7 GHz with a standard deviation of 7.4 GHz (Figure 3.3a). This is based
on fitting the observed linewidths of 15 waveguide-coupled NV centers. Using our high-resolution
Echelle spectrometer we find a cavity NV linewidth of 6.3 + 3.3 GHz from a set of 14 centers. We
note that due to the higher resolution of this system, we are biased toward detecting NV centers
with narrower linewidths. For comparison purposes, the standard spectrometer-limited and Echelle
spectrometer-limited linewidths of a single deep as-grown NV center in this same sample is 16
GHz and 1.3 GHz (1 pixel), respectively. Thus the linewidths of the device-incorporated shallow

implanted NV centers are overall larger than those of growth-incorporated deep NV centers.

3.3 Spectral behavior of cavity-coupled NV centers and stark tuning

With the cavity mode tuned to resonance with two individual NV centers, application of a square
wave bias voltage to the integrated electrodes, results in repeatable shifting of the ZPL emission
lines in response (Fig. 3.2d:right). This demonstrates our ability to reliably tune NV center emission
energy even while coupled to a cavity mode, combining the enhanced emission rates from the cavity
coupling with tunability from biasing the electrodes.

Measurements of the tuning range of many coupled NVs show substantial variation in voltage
response (Figure 3.3b). In a set of 30 of the observed device-coupled implanted NV centers, no

tuning was visible for 11 of the centers (37%) though this does not preclude tuning that we cannot
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Figure 3.3: a. Linewidth of N= 15 device-coupled implanted NV centers (blue bars). Red line
shows a normal distribution of mean 34.7 GHz, standard deviation 7.4 GHz. b. Tuning range of
N= 30 device-coupled implanted NV centers.

observe with our spectrometer resolution. In 7 of the centers (23%), tuning was observed but the
range was less than 50 GHz. In 5 of the NV centers (17%), the tuning range was between 50 and
100 GHz. In 7 of the centers (23%), the tuning range was larger than 100 GHz. In all centers
where tuning was observed, hysteretic behavior was also observed. Fig. 3.4c shows the bias voltage
response of an ensemble in a waveguide (Fig. 3.4a). One of the NV centers (red arrow), displays
a large voltage-dependent tuning range of 190 GHz, while a nearby NV ZPL has a stable emission
energy under the applied bias voltage (yellow arrow) and a third (green arrow) displays a large

spectral diffusion (~ 70 GHz) uncorrelated with the applied bias voltage.

This variation in NV behavior can be attributed to several causes. The first factor is the center’s
relative orientation to the electric field. Longitudinal fields, parallel to the NV symmetry axis, will
shift excited state energy levels linearly, while transverse fields will result in an excited state energy

splitting that grows with increasing field®! 2.

The magnitude of these energy changes depends on the components of the NV dipole moment
parallel to (d||) and perpendicular to (d1) the NV symmetry axis. The resulting energy shifts are
thus:
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E,=d, F~25GHz Case 1
E,=—d, F~ —25GHz Case 1
(3.1)
E, = d‘|08F +d|0.6F ~ 31 GHz Case 2
E,=d0.8F —d;0.6F ~1GHz Case 2

where F' is the magnitude of the electric field and the tuning ranges are calculated using literature-
reported values for d)| and d; of 4 GHz/MV /m and 5 GHz/MV /m respectively® and the previously
simulated field magnitude of F' =5 MV /m.

These values do not take into account the fact that observed Stark tuning coefficients are ~ 4

times larger under strong cw green excitation of the type used in our experiments?*? 80

, nor do they
take into account photoinduced local fields. The total local field experienced by the NV centers are
a combination of this local photoinduced field and the externally applied field. Additionally, the

380, The fundamental

reported d||, d values are estimated to be correct only to within a factor of 2-
mode of the waveguide is TE polarized (parallel to the applied external field), such that only NV
transitions that emit in this polarization will be observed via the grating coupler. When accounting
for these factors, the tuning ranges observed in our devices are consistent with what can be expected
from the applied external field.

Previous work on Stark tuning of grown-in NV centers has shown similar variation in tuning

ranges and voltage responses3h 41,42,

This variability in behavior even over small spatial scales
presents a challenge to achieving the level of control required for chip-scale entanglement generation.
In addition to spatial variability, we often observe temporal variability in the bias voltage response

of these NV centers. The observed emission linewidths of these NV centers also suggest fast spectral

diffusion of the ZPL energy.

3.4 Dynamic feedback stabilization of NV transitions

Chip scale entanglement generation will require addressing the spatial and temporal variations of
implanted NV center energies so that multiple centers can be tuned to and maintained in resonance,

despite the static and dynamic energy variation of these centers that results from implantation and
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Figure 3.4: a. Optical characterization of waveguide coupled NVs. b. The distribution of electric
field intensity across the photonic devices for a 100V bias across the electrodes.c. Spectral trace of
multiple waveguide coupled NVs showing variation in ZPL emission energy and bias response over
time. d. Dynamic frequency stabilization of ZPL emission from an individual waveguide coupled
NV by applying a PID-feedback biasing voltage. (a) PL from an unstabilized ZPL at a constant
45 V bias voltage. The maximum spectral diffusion is 7.2 GHz and the average absolute difference
from the center wavelength is 2.7 GHz. (b) Stabilized ZPL PL from a waveguide-coupled NV center.
The maximum spectral diffusion is 3.9 GHz and the average absolute difference from the center
wavelength is 1.2 GHz. (c) Bias voltage applied during active Stark effect stabilization of the ZPL
in (b). NV PL is collected at the excitation spot due to the temporal drift of the cavity resonance
over the time required for these measurements.

processing damage. Previous NV center emission energy stabilization experiments used photolumi-
nescence excitation (PLE) measurements of grown-in NV centers for feedback control of the bias
voltage®!, but the large dynamic energy variation of implanted NV centers annealed at 800°C makes
PLE measurements difficult**. To obtain the necessary spectral resolution to demonstrate temporal

stabilization, we thus utilized an Echelle spectrometer with 1.3 GHz resolution?!.
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3.4.1 Voltage Feedback Algorithm

The applied bias voltage is updated per spectrum based on current peak position p. Due to the
broad linewidths, a Gaussian of the form y = aexp{[—(p — b)/c]*} + d is fit to a region around the
desired ZPL emission line, where a is the intensity above background, b the center emission energy,
c relates to the linewidth, and d is the background. The difference between the current emission
line location and the initial line location Ap is then calculated and the bias voltage updated by a

proportional integral derivative (PID) algorithm to correct for this error.

View = Virew + (Kp Ap + Ki T+ K4 D) Vyig (3.2)
I=1+ApAV (3.3)

D = (Ap — Apola) /| AV (3.4)

AV = Ve — Voud| (3.5)

where K, K; and K, are the PID parameters determined by a semi-supervised learning algorithm.
For the data shown in Fig.3.4, K,=0.8, K;=K, /500, K4=K,/10 and V,;;=4.17 V /pixel]. AV is the
previous voltage step and Apyq is the previous error in peak position. The PID algorithm delivers

better stabilization than simple proportional feedback scheme which is shown in Fig. 3.5.

3.4.2 Stabilization results

To demonstrate feedback tuning, we identified a spectrally-diffusing NV center with a Stark tun-
ability of ~ 300 MHz/V over a range of 100 V. We measured the spectral diffusion of this NV center
under a constant bias voltage of 45 V for 50 minutes (Fig. 3.4d.(a)). The measured linewidth was
4.5+1.2 GHz, a result of spectral diffusion of the ZPL emission during the integration time of the
CCD camera. In the second measurement, the bias voltage was actively adjusted to stabilize the
ZPL emission energy (Fig. 3.4d). After each 40s spectrum, the ZPL emission energy was determined
and a correction to the bias voltage applied based on a PID algorithm. Under active stabilization,

the NV exhibits a ZPL linewidth of 5.2+1.2 GHz.
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Figure 3.5: NV frequency stabilization using proportional feedback. a. PL from an unstabilized
ZPL at a constant 45 V bias voltage. The maximum spectral diffusion is 8.3 GHz and the av-
erage absolute difference from the center wavelength is 3.2 GHz. b. Stabilized ZPL PL from a
waveguide-coupled NV center. The maximum spectral diffusion is 4.5 GHz and the average abso-
lute difference from the center wavelength is 1.3 GHz. c. Bias voltage applied during active Stark
effect stabilization of the ZPL in b.. Feedback is purely proportional to the error in peak position
i.e. KPZO.S, KZ: Kd:()

3.5 Summary and outlook

We have shown electric field control of the emission energy of photonic device-integrated implanted
NV centers and feedback stabilization of this emission energy. Combined with the enhanced emis-
sion rates and collection efficiencies possible in photonic devices, these results are a necessary com-
ponent of chip-scale entanglement generation. The performance of these devices can be improved

by implementing the following;:

1. Pre ion-implantation surface processing of the CVD diamond samples®' can result in near-
surface NV centers with narrower linewidths and smaller spectral diffusion. This will enable
the use of PLE measurements for the requisite fast feedback stabilization and better enable

the generation of indistinguishable photons from separate NV centers.

2. Post ion-implantation, annealing samples at a higher temperature (at >1000°C vs 800°C

used in this work) should result in dissociation of many non-NV defects (di-vacancies, NV, H,
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Figure 3.6: PLE measurements of an individual implanted NV center (100 nm deep) at low tem-
perature (8 K) exhibiting a ZPL linewidth of ~200 MHz a. Intrinsic temporal variation in the ZPL
emission frequency without any applied bias. b. Reduced temporal variation in the ZPL emission
frequency with dynamic Stark tuning.

complexes, etc.) resulting in better charge state stability and reduced perturbation of the NV

environment under optical excitation. We explore this in detail in the next chapter.

3. Photonic devices optimized for coupling with deeper (~100nm) NV centers. Deeper NVs are
screened from surface-chemistry related Fermi-level variations, surface-charge fluctuations and

the near-surface layer of damage caused by ion-implantation and fabrication processing.

4. Photonic device design can be constrained from etching into the diamond, further reducing

the strain and charge-trap driven electric field fluctuations experienced by the NVs.

5. Future device designs can incorporate both aligned ion-implantation and multi-axis Stark

control to improve the yield of tunable NV centers.

With these improvements, it should be possible to perform on-chip generation of indistinguish-
able photons from multiple NV centers with the collection rates necessary for scalable entangled
state generation. As a proof-of-concept, we implement improvements 1 thru 3 by patterning elec-
trodes on an implanted bare CVD diamond (no photonic integration). On this test sample, NVs

are formed ~ 100nm from the surface by N-implantation at a higher energy (85keV vs 20keV).
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Dynamic Stark tuning of individual NVs show very promising ZPL linewidths (<200 MHz) and
reduced temporal spectral variation (Fig. 3.6). Encouraged by these results, we incorporate im-
provements 1 thru 4 for NV-coupled inverse-designed photonic devices demonstrated in chapter

O.
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Chapter 4

Formation of NV centers by annealing

To preserve the homogeneity of NV emission energy and minimize spectral diffusion, we have
observed that it is necessary to maintain the integrity of the NV defect environment within the
diamond lattice. Hence, knowledge of the NV center formation kinetics in diamond is critical to
engineering quantum information devices based on this defect. Here we utilize the longitudinal
tracking of single NV centers to elucidate NV defect kinetics during high-temperature vacuum
annealing from 800-1100 °C in high-purity chemical-vapor-deposition diamond. We observe three
phenomena which can coexist: NV formation, NV quenching, and NV orientation changes. Of
relevance to NV-photonic integration, a 6 to 24-fold enhancement in the NV density, in the absence
of sample irradiation, is observed by annealing at 980 °C, and NV orientation changes are observed
at 1050 °C. With respect to the fundamental understanding of defect kinetics in ultra-pure diamond,
our results indicate a significant vacancy source can be activated for NV creation between 950-980 °C
and suggest that native hydrogen from NVH, complexes plays a dominant role in NV quenching,
supported by recent ab initio calculations. Finally, the direct observation of orientation changes

allows us to estimate an NV diffusion barrier of 4.7 & 0.9 eV.

This chapter has been published as:

Chakravarthi, S., Moore, C., Opsvig, A., Pederson, C., Hunt, E., Ivanov, A., Christen, I., Dunham, S. and Fu,
K.M.C., 2020. Window into NV center kinetics via repeated annealing and spatial tracking of thousands
of individual NV centers. Physical Review Materials, 4(2), p.023402. Copyright 2020 by the American Physical
Society.

https://doi.org/10.1103/PhysRevMaterials.4.023402
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4.1 Introduction

On-demand formation of NV centers is achieved by bombarding the diamond surface with high
energy ions. The implantation process results in substantial damage to the diamond lattice. For
example, a nitrogen ion accelerated to 50 keV will leave a trail of over 100 vacancies when it impacts
the diamond surface. Post-implantation, annealing the diamond at high temperature (800 to 1200
°C) under vacuum (to prevent etching/graphitization of the diamond surface) heals the damaged
lattice and provides energy required for defect formation. Here, NV centers can either be formed
by vacancy recombination with native or implanted nitrogen. However, this process also results
in the formation of vast number of undesirable defects (VoNH, V,H,, N, VH,, etc.) that modify
the local Fermi-level and introduce electric-field fluctuations under optical-excitation, resulting in
NV~ charge-state instability and spectral diffusion. Of significant interest are methods to syn-
thesize NV centers with minimal perturbation to the local environment, preserving the quantum
and optical properties of the center. Additionally, we would like to tailor the NV orientation for
optimum coupling to photonic structures. Preferential NV alignment has only been demonstrated
for NVs incorporated during the diamond CVD growth process for <111> substrates. Post-growth,

controlled re-orientation of NV centers would be a great asset to the NV community.

Full control over NV~ center formation requires a detailed understanding of all the underlying
defect kinetics. By characterizing a pristine diamond sample and performing a series of annealing
experiments (under different temperatures and durations), we can deduce details of defect formation

and kinetics of native defects.

4.2 Confocal photoluminescence maps of NV centers

We perform repeated vacuum annealing of CVD diamond, and track individual NV centers between
anneals via photoluminescence confocal microscopy of a large experimental volume (350 x 350 X

25 pm?) 100 pm from the diamond surface.
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Figure 4.1: Schematic of the microscope setup for off-resonant excitation and NV photoluminescence
measurement. The diamond sample is at room temperature (298K).

4.2.1 Optical measurement setup

To characterize NV centers, off-resonant optical measurements are performed using a home-built
confocal microscope (Fig. 4.1) with a 0.75 NA, 40x objective (Nikon Fluor 40X). A piezo stage
(MadCityLabs nano-positioner) was used for imaging 50x50 pm? area scans (see Fig. 4.2), while a
micrometer stage comprised of two 25 mm actuators (Newport TRA25CC) was used to move to
sequential scanning locations in steps of 40 pm. A 637 nm laser reflection signal was used between
subsequent piezo scans to track the sample surface to maintain the experimental depth to within
2 pm.

The nitrogen-vacancies were optically excited with a 532 nm diode-pumped solid-state laser
(RGBLase LLC FB-532-100-FS-FS-010-1N) at powers between 4-5 mW with a spot diameter of
~1.6 pm. The spot size was chosen to increase the number of NV~ centers within the depth of focus.
The microscope point spread function is an ellipsoid with axes 1.8 pm, 1.5 pm, and (10x2.4) pm.
A linear polarizer (ThorLabs LPVIS100) was used in the excitation path and a half-wave plate
was used to preferentially excite a given NV~ orientation. NV~ phonon-sideband emission was
filtered into the collection path by a combination of dichroic beam splitter (Semrock LF594LP) and
a 660-800 nm bandpass filter (Semrock FF01-731/137-25). The NV~ photons were measured with
an avalanche photodiode (Excelitas SPCM-AQ4C).
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Figure 4.2: A single (50 pm x 50 pm) area scan data showing the increase in NV~ density from
initial (no-anneals) state to post anneal #12 (maximum NV~ density) in the same region. The
blue circles mark NVs retained through the anneals. The red square marks a persistent defect used
for image registration.

4.2.2  Data analysis techniques

Large-area scan stitching: large-area scans, composed of 9 x 9 overlapping 50 pm x 50 pm scans for
each of the two distinguishable orientations, were stitched into composite images with a custom tool.
First, the tool performed normalization across all individual scans to ensure uniform appearance
of NV intensities in the output images; then it calculated pairwise alignments (via digital image
correlation with subsequent brute-force optimization) for all adjacent area scans along with corre-
sponding misalignment scores. The final composite image was produced by selecting pairwise align-
ments forming a minimum spanning tree (MST, see Fig. 4.3(a)) with respect to the misalignment
scores. This fully-automated process generally produced quality results; however, in order to com-
pensate for possible imperfections, the tool also allowed manual adjustments of pairwise alignments
in the MST. The tool is publicly available on github (https://github.com/optospinlab/lateral-scan-
analysis).

Registration of large-area scans: Successive pairs of large-area scans were aligned using affine
homography transformation (performed by Image.J%%3). Essentially, this transformation amounted
to a rotation and perspective transformation such that NV~ centers present in both scans over-
lapped, which compensated for discrepancies in the orientation and tilt of the sample under the

microscope. The overlapping regions of aligned pairs of successive scans were then compared by
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Figure 4.3: (a) 350 pm x 350 pm stitched large-area scan after anneal #12 showing the MST graph.
(b) A 50 pm x 50 pm scan showing NV~ position detection via CHT algorithm.

means of image subtraction, which allowed manual and automated detection of the changes in the

spatial maps of the NV~ centers.

Tracking NV~ changes: The registered large-area scan images from consecutive anneals (say
anneal A & B) are processed through an image subtraction algorithm after normalization. First
the data sets A & B are converted to 3D matrices, with the array indices indicating {position x ,
position y, orientation (1 or 2)} and the array values representing the intensity (measured photon
counts). Each individual scan constituting matrices A & B were normalized prior to stitching,
however excitation laser power and collection efficiency can vary slightly between anneals. Thus
NV~ intensity histograms of the two data sets (A & B) are used for normalization (factor N)
between anneals. This allows us to clearly identify and subtract the background during comparison.

The following matrix algebra was performed to extract appearance, disappearance and orientation-
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change information:

C= A(Xaya 1)/N_B(X7Y7 1) (41)
D= A(Xa Y, 2)/N - B(X7 Y, 2) (42)
E=C+D (4.3)
F=C-D (4.4)
-E ifE<O
Appearances(x,y) = (4.5)
0 ifE>0
E fE>0
Disappearances(x,y) = (4.6)
0 ifE<O
Orientation changes(x,y) = abs( abs(F) — abs(E) x F) (4.7)

For visualization of differences, the three matrices; Appearances, Disappearances and Orienta-
tion changes, represented by blue, grey and yellow colors respectively, are combined into a single
RGB image to generate the difference image, shown in Fig. 4.4. The next step after the identifica-
tion of differences is to map the spatial location (x,y) of every NV with the corresponding changes,
if any. This allows us to track the evolution of every individual NV~ defect through all the anneals.
This is performed by MATLAB code implementing the Circular Hough Transform (CHT) to detect
NV~ centers and record their centroid (see Fig. 4.3(b)). This code also provides the total number
of NV~ centers and differences reported in Fig. 3 of the main text. A similar code is used to process

the depth scan data. The processing code and raw data are available here upon request.

Conversion from NV~ number/area to density: While each large-scan area was nominally
(360 1m)?, due to an image offset, image rotation, or failed stitching, only a subset of this area
could be reliably matched before and after each anneal. This cropped area was utilized, in addition
to the 25 nm confocal depth of focus, to obtain the NV~ density used in Table I and Fig. 3 in the

main text. Table 4.1 provides the NV~ counting data and crop areas for sample B.
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| Amneal # | 13 | 45 | 67 | 8 [9,10] 11 [ 12 [ 13 [ 14 [ 15 [ 16 |
Area (nm)? | (282)%] (287)%| (285)?] (299)%] (307)2| (298)?| (291)2| (339)2| (331)?] (303)?| (311)?
Total NVs | 2126 | 2822 | 3213 | 4635 | 5579 | 8772 | 9174 | 11511 | 10080 | 8225 | 8456
Appear. 732 | 1101 | 672 | 1014 | 664 | 3641 | 1266 | 543 | 122 56 70
Disappear. 145 602 47 41 19 80 157 618 1478 90 181
Reorient. 6 17 1 6 4 64 129 | 272 | 1163 | 1642 | 3093

Table 4.1: Raw NV~ counting data used in Fig. 4.5.

Uncertainty estimate in total NV~ density: For each anneal, this estimate consists of two com-
ponents, E; and Es, added in quadrature. E; represents error due to the automated image analysis.
This error is estimated by comparing the change in the total NV’s counted before and after each
anneal to the difference in appearances and disappearances detected. E; ranges from 2-10%. The
second uncertainty Es arises from the density variation across the scan area combined with the
different comparison areas used. Assuming a random density variation with the magnitude given
by Fig. S4 and the crop-areas given in Table S1, this density variation results in an estimated

uncertainty of 4%.

4.3 Study of NV annealing dynamics

We observe a 6-fold increase in the overall concentration of NV centers due to annealing at 980 °C
(Fig. 4.5, orange). This indicates there is a source of vacancies within CVD diamond at moderate
temperatures that enables one to significantly increase NV density without introducing additional
lattice damage via irradiation. Individual NV tracking allows us to go beyond measuring simple
net increases and decreases. Coincident with appearances (Fig. 4.5, blue), we are able to observe
significant NV disappearances, with peaks in disappearances near 960 °C and 1050 °C (Fig. 4.5,
grey). The disappearances near 960 °C provides an essential clue regarding the quenching process
at higher temperatures. At 1050 °C, we observe large-scale NV center orientation changes (Fig. 4.5,
yellow). After the first 1050 °C anneal, orientation changes are observed in the absence of a sig-
nificant number of disappearances or appearances. Thus, only partial N-V dissociation occurs at

these temperatures. This lack of full dissociation indicates the observed disappearances at 960 °C
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Figure 4.4: A sequence of subareas of the “large-area scan” confocal images showing NV~ changes.
Green and magenta indicate the two sets of distinguishable NV~ orientations. Two examples each
of appearances, disappearances and re-orientations are indicated by blue, grey and yellow circles,
respectively. The red square marks a persistent defect used for image alignment.

and 1050 °C are not due to N-V-disassociation but due to a quenching source (e.g. H). Finally,
beginning at temperatures above 1000 °C, we begin to observe almost complete NV quenching
originating from the surface.

Based on the above results, we can deduce the kinetics of NV appearances, disappearances and

orientation changes.

4.8.1 Appearances of NV centers

There are three candidate processes for NV center appearances: charge state conversion of NV? —

NV~ direct dissociation of NVH — NV + H, and diffusion and capture of single vacancies, N+V
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— NV.

e In high-purity type Ila diamond, both the neutral and negatively charged state of NV centers
are stable under optical excitation. The ratio of the two populations at a given Fermi-level

84,85 In agreement with other groups

depends on the excitation wavelength and intensity
studying high-purity CVD diamond with 532 nm excitation®® 87 we find NV~ is the dominant

charge state in pre- and post-annealed samples.

e If NV is formed by the dissociation of a larger complex, the homogeneity and scale of NV~
appearances indicate this dissociating species should be uniform and abundant. In similar
CVD samples, the NVH density is 10 times greater than the NV~ density®®, suggesting NVH
as the NV source. However, the dissociation of NVH — (NV + H) can be ruled out as this

complex is observed to be stable until 1400 °C8% 90,

e Single vacancies combining with native nitrogen is a third possible source. Single vacancies
can exist in the neutral and negative (V? or V™) charge states in diamond in which NV~ is
the dominant NV charge state. It is generally accepted that vacancies are only mobile in their
neutral charge (V°) state at temperatures above 700 °C, with an activation energy of 2.3 eV,
However, it has been confirmed that the NV center forms as a unit during CVD growth® 92
and not via vacancy capture. Thus during growth, all vacancies incorporated are either in
the V™~ state or trapped in complexes (Va, NVH, VH, etc.). Divacancy (V2) dissociation can
be ruled out because it has been observed to anneal out at 800 °C%® and other complexes
have high (>1100 °C) dissociation temperatures. This leaves the negative vacancy (V7). Ab
initio calculations estimate a 3.4 eV migration energy for V™24, Assuming a 30 THz attempt
frequency, this migration energy corresponds to a diffusion length on the order of 100 nm for
a 150 hour anneal at 980 °C. While there is uncertainty in both the migration energy and
attempt frequency, direct migration and trapping of V— appears to be a viable candidate for

NV center formation.

NV formation in the absence of irradiation has previously been reported between 1500-1600 °C996
in CVD diamond. The vacancy source in these reports could be similar to what we observe in our

lower temperature, longer duration anneals, or could be due to dissociation of NVH8%% or VH"".
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[ Ameal# [ 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 ]|
Temp, °C 800 800 950 960 960 970 970 970 980 980 980 980 1000 1050 1050 1050
Time, h 2 10 10 10 10 2 10 20 2 10 150 150 150 150 150 150

Table 4.2: Details of anneals conducted on the sample.
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Figure 4.5: Total NV~ density and observed changes obtained from the stitched confocal scans (=
350 x 350 pm?) after every anneal. Several anneals are combined due to an inability to accurately
match a significant portion of the scan area in the intermediate scans. For combined anneals,
comparisons are made before and after the first and last anneal. Error bars represent uncertainty
due to automation errors and differences in scan area between datasets. Note the significant increase
in annealing time which occurs at anneal 11.

4.8.2  Disappearances of NV centers

The spatially homogeneous disappearances occur at temperatures below the full NV~ dissociation
temperature (which our data show must be above 1050 °C), strongly suggesting another impurity
is being trapped at the NV site. Hydrogen is the most likely candidate. Given the abundance of C,
N, H, and vacancies in our samples, complexes either in the form of CH%9 NHY, VxHyQO’ 100, 101
or NIVHyQO’W’ 102 are potential spatially homogeneous hydrogen sources.

A comparison of our experimental results and recent ab initio calculations indicate the NVH,
complex, in which y € {1, 2,3} is a plausible H source for the observed NV~ quenching near 960 °C
and 1050 °C. Salustro et al.'%! calculated the dissociation energies, Ep, for the following reaction
path,

Ef E E}
NVH3; R—T>NVH2+H R—I:>NVH+2H R—I:>NV+3H
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finding EIIJ =283 eV, E2H =3.17 €V, and E%I = 3.68 e¢V. The dissociation rate for a given reaction
is given by Ri(T) = v;exp(—(E}; + Ep)/kgT), in which T is the annealing temperature (in K), Ep
is the dissociation barrier, and v; is the rate for capture of the H by the NVH complex. The v;
primarily depend on the hopping rate for interstitial H and can be expected to be nearly the same
for all the complexes. If we assume R; (the rate at which NVHs — NVHy + H) becomes discernible
at 960 °C (the temperature at which we first observe disappearances), we can estimate when Ry
become discernible using R2(73) ~ R;1(960 °C), finding 75 ~ 1110 °C. While this is higher than our
observed second peak in disappearances at 1050 °C, we note that the 1050 °C anneal was more than
7 times longer than the 960 °C anneal. Extrapolating further to the dissociation of NVH, we obtain
that R3(1330 °C) ~ R;1(960 °C). T3 = 1330 °C is consistent with the experimental observation of

89,90 " We cannot use

NVH disappearance beginning near 1400 °C during shorter, 4 hour anneals
these annealing times to quantitatively predict when the ratios between R;, R, and R3 will become
equal as disappearances typically saturate during each anneal. This saturation suggests a depletion
of the H source. Qualitatively, however, the larger magnitude of disappearances at 1050 °C is

consistent with a larger expected density [NVHs] relative to [NVH3].

Additionally, near-total NV depletion near the surfaces was observed starting at 980 °C, with
the depletion layer growing in subsequent anneals. The surface dependence suggests a second,
inhomogeneous, surface-driven hydrogen source. The observation of a surface-driven depletion
suggests it may be desirable to protect the diamond surface to preserve near-surface NV centers

during annealing.

NV PL quenching has been reported in the literature over a wide range of temperatures from
1100-1500°C!037196 ith higher temperature quenching often attributed to NV migration to form

106,107 " Dye to the short Ny diffusion length, complex formation with multiple N

larger complexes
atoms (e.g. N;VH,, N, V) can only explain quenching in high-N samples?. Our results indicate
the following factors could contribute to the observed variance in NV quenching reported in the
literature: (1) Compositional sample variance with respect to hydrogen traps, (2) Simultaneous
creation and quenching events with the specific annealing temperatures and times determining a

net outcome in either direction and (3) the hydrogen content in the annealing furnace, suggested

by our observed surface dependence of the depletion layer.
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Figure 4.6: (a,b) Confocal scan and spectra of 3 NVs in sample B taken with 450 nm excitation.
(c,d) Confocal scan and spectra of same 3 NVs in sample B taken with 532 nm excitation. (e,f)
Confocal scan and spectra of NV from a reference sample taken with 532 nm excitation.

NV charge state identification

We consider charge state conversion from the bright NV~ charge state into the dark NV as a
possible explanation for NV disappearances in our scans by investigating the depletion region of
sample B. 4.6(a,c) show confocal scans taken of the same region with 1 mW of 450 nm and 532 nm
excitation respectively. Collection in 4.6(a) includes wavelengths greater than 539 nm while 4.6(c)
includes only collection above 600 nm. 532 nm excitation is commonly used to detect NV centers,
however the relatively bright first (575 nm) and second (611 nm) order diamond Raman lines occur
in the NV? PL band, which could obscure the weak PL from a single NV?. We utilize 450 nm
excitation to solve this issue since the first order (479 nm) and second order (511 nm) Raman lines

are no longer collected. If charge state conversion were to be responsible for the disappearances,
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we would expect to see defects in the 450 nm confocal scan that did not appear in the 532 nm
confocal scan, but this is not observed. 4.6(d) shows characteristic, background subtracted spectra
of 3 NVs in the scan region under 532 nm excitation, resulting from the NVs existing in the ratio
of NVY to NV~ as 1:3. NV-3 is dimmer than the other NVs due to the orthogonal polarization. In
4.6(b) we only observe NV? PL from the same 3 defects under 450 nm excitation, indicating that
NV~ ionizes without contributing to the PL. We are thus able to observe single NV?. On these
grounds we exclude charge state conversion as a cause for disappearances. For reference, spectra

from a sample containing predominantly NV is shown in 4.6(e,f).

4.8.8  Orientation changes of NV centers

105 als0

Recently, a loss of preferential orientation was observed in ensembles of oriented NV centers
at 1050 °C. The mechanism for this orientation change was believed to involve the full dissociation
of the NV center with subsequent recombination with either the original N or another N in the
lattice. Our single defect tracking shows that full dissociation does not occur at 1050 °C. If the
vacancy is able to migrate, we would expect to observe orientation changes accompanied by NV
disappearances. Additionally, if the vacancy diffusion length is comparable to the N4-Ny spacing
(~1 pm in sample B), we would also expect to see new NV~ appearances. However, after an
initial round of disappearances in the first 1050 °C anneal, we primarily only observe orientation
changes. This suggests there is an attractive force, extending to at least the 3rd nearest neighbor
(the minimum separation required for NV re-orientation), between the vacancy and the nitrogen'"7.
While practical implementation may be challenging, this result opens a path toward preferential

orientation by annealing under strain!%®,

If many re-orientation cycles occur during a single anneal, we would statistically expect 50 % of
the NV centers will undergo a detectable orientation change. The maximum fraction of orientation
changes we observe is 37 % during anneal 16, suggesting that NV centers do not undergo multiple
re-orientation cycles during each anneal. Thus, we can utilize the fractional rate from anneals 11-16
to estimate the orientation-change barrier Ej using the re-orientation rate R = vexp(—E/kT). A
fit to the data gives £, = 4.7 + 0.9 V. This value is comparable to the theoretical value of 4.85 eV'107

determined by density functional theory calculations. With a larger dataset and annealing times in
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Figure 4.7: Log of the reorientation rate as a function of 3 = (kgT)~*

which thermal equilibrium is reached for all processes, this method of observing orientation changes

could be used to provide benchmarks for theoretical estimates of v and Ej.

Estimation of NV reorientation barrier

The reorientation rate was calculated for anneals 11-16 using the data in Table 4.1 and the 150
hour anneal time. We neglect the effect of appearances and disappearances and the possibility of
multiple reorientation cycles in a single anneal. The fractional change between two distinct ori-
entations, e.g. orientations 1 changing to 2, is F13 = ANj2/Ny in which ANjs is the number of
changes from orientation 1 to 2 and Nj is the population of orientation 1. We can approximate
Fia = AN12/N1 = ANiotal, exp/(Niotal), in which Niotal, exp is the total number of reorientations
experimentally detected and Niota is the total number of NV~ centers. This approximation as-
sumes all orientations are equally populated and all orientation changes are equally probable. In
calculating the fractional change, we utilized the population of the NV~ centers before the anneal.
To calculate the rate, we divide the fractional change by the annealing time.

The rate for a single orientation change, e.g. Rz from orientation 1 (green) to 2 (purple),
will be given by Ri2 = Fi2/t = v exp(—Ep12/kT) where t is the anneal duration and T is the
anneal temperature in K. In Fig. 4.7, log(Rj2) is plotted as a function of 8 = (kgT)~! and is

fit to a line. The absolute value of the slope determines the re-orientation barrier Ej, and the
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x-intercept determines log(v), which v is an effective attempt frequency. A least square fit gives
Ep = 4.7+ 0.9eV and v = exp(26 £ 9) s™1. Both the calculated value of Ej (4.85 eV'" and a
typically used attempt frequency of 30 THz lie in the uncertainty range.

4.4 Summary and outlook

The formation and dissociation of observable defects has long been used to probe defect kinetics
in crystals. For example, a model for vacancy diffusion in diamond was facilitated by correlating
VY (GR1) emission, V~ (ND1) absorption, and NV~ emission in ensembles of defects”!. However,
ensemble measurements such as photoluminescence, visible and infrared absorption spectroscopy,
and electron-spin resonance techniques, do not provide sufficient resolution and lack the sensitivity
to probe competing mechanisms driving point defect kinetics (appearances vs disappearances; indi-
vidual orientation changes). Nor do they typically have the sensitivity to probe ultra-pure diamond
samples with very low defect density (< parts-per-trillion) such as those now utilized for quantum
information applications. Here we extend this ensemble technique using confocal microscopy, a
tool capable of detecting single defects in bulk crystals. Three results relevant to engineering NV

centers for photonic integration are obtained:

1. The observation of NV~ density enhancement in the absence of sample irradiation at 950-
980 °C. This suggests that for the highest implantation to NV yield, we should pick a anneal
temperature higher than 980°C.

2. NV~ re-orientation in the absence of full NV dissociation at 1050 °C and NV quenching (likely
from NVH, complexing) below 1050 °C. This points to an ideal annealing temperature of
around 1050 to 1200 °C, where NV centers are energetically stable but many concomitant

bulk defects in diamond are removed by dissociation and recombination.

3. A near-surface NV~ depletion region is observed for long anneals (> 1-week). This could be
the result of gradual hydrogen-diffusion into the diamond and NVH, complexing/Fermi-level

pinning at the diamond surface. Further studies are required to confirm the exact mechanism.
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Chapter 5

Inverse-designed GaP photon extractors

integrated with NV centers

Inverse-design optimization of photonic devices enables unprecedented flexibility in tailoring
critical parameters of a spin-photon interface including spectral response, photon polarization and
collection mode. Further, the design process can incorporate additional constraints, such as material
processing limitations. Based on results from the previous chapters, we constrain our photonic
design to couple to NV centers implanted deeper (100 nm below surface) in the diamond, with
the device defined by an etch only through the GaP layer, leaving the underlying diamond defect
host undisturbed. Post-implantation we anneal the diamond at a higher temperature (1200°C, in
vacuum) to heal the implantation damage and mitigate bulk defects. Large enhancement (14-fold)
of the NV ZPL photon collection efficiency is observed. Spectroscopy of coupled NV centers shows
reduced spectral diffusion, and linewidths of ~800 MHz are observed. This is a significant step
forward from the disk-resonator coupled NV centers discussed in chapter 3. We expect that such
inverse-designed devices will enable realization of scalable arrays of single-photon emitters, rapid

characterization of new quantum emitters, efficient sensing and heralded entanglement schemes.

This chapter has been published as:

Chakravarthi, S.*, Chao, P.", Pederson, C., Molesky, S., Hestroffer, K., Hatami, F., Rodriguez, A.-W. and Fu,
K.M.C., 2020. Inverse-designed photon extractors for optically addressable defect qubits. Optica, 7(12),
pp-1805-1811. (©) 2020 Optica Publishing Group.

* Equally contributing authors

https://doi.org/10.1364/OPTICA.408611
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5.1 Introduction

We demonstrate a flexible inverse-design optimization framework that can reconcile a wide range
of design constraints and generate planar dielectric gallium phosphide(GaP)-on-diamond photonic
structures. For a dipole located 100nm from the surface and oriented perpendicular to the NV
axis, an optimized 1.5 pym x 1.5pnm device is calculated to provide a 17-fold average PL enhance-
ment of the free-space PL collection. Recent work!''? suggests that the performance of such an
inverse-designed extractor is close to the theoretical limit. Orders of magnitude larger enhancement
factors are found for defects positioned closer to the surface. Additionally, during optimization,
we constrain patterning to the dielectric layer in order to minimize perturbations of the defect
environment.

Experimentally, we fabricate the optimized GaP-on-diamond photon extractors and observe
efficient PL collection from shallow (=~ 100nm deep) single NV centers created by nitrogen ion
implantation and vacuum annealing. These versatile devices exhibit a broadband PL enhancement
for wavelengths in the measured range of 575 nm to 750 nm. We observe up to 14-fold enhancement
of free-space PL collection for device-coupled single NVs. Extensive optical characterization of the
NV centers performed both before and after fabrication provides insight into changes in the local
NV environment. Post-fabrication sample treatment substantially improves device NV stability and

points to important fabrication/design considerations for future defect qubit-photonics integration.

5.2 GaP photon extractors on diamond

The photon extractors are designed for robust enhancement of ZPL photon collection from near-
surface NV centers, and modeled via a 3D finite-difference frequency-domain (FDFD) solver, with

the frequency set at the negatively-charged NV~ ZPL of 637 nm.

5.2.1 Inverse design and device optimization

1 was used to design the device within a design region situated directly

Topology optimization'!
on top of the diamond substrate (Fig. 5.1a) with dimensions 1.5um x 1.5pm x 0.25pm. For

the simulations, a harmonic dipole source representing the NV center is situated 100 nm below
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Figure 5.1: a. Schematic of the photon extractor designed via topology optimization (TO). b. SEM
image of an array of fabricated inverse design extractor structures.c. Colorized SEM of a device
indicating the different layers; HSQ resist (blue), GaP (pink) and diamond (grey). The structure
has an estimated @ =~ 50.

the diamond-GaP interface. Device performance is robust against spatial displacement of the NV
center; the enhancement factor decreases by less than 50% for spatial displacements smaller than
70nm from the original location of the NV center (Fig. 5.2). While the optimized extractor leads
to large enhancements in the collected flux, it does not significantly increase the net radiation
from the NV center, quantified by the local density of states (LDOS); hence, most of the observed
improvement comes from a higher collection efficiency as opposed to fluorescence rate enhancement

via the Purcell effect.

5.2.2  Fabrication of photon extractors

We fabricate photon extractors (Fig. 5.3) on two samples, one for ensemble-averaged measurements
(Sample A) and the other for single-emitter characterization (Sample B). Sample A is a high pressure
high temperature synthesised diamond (Element Six, N < 200 ppm, B < 0.1 ppm) implanted with

N accelerated to 20 keV and vacuum annealed at 800°C. Here, annealing forms NVs primarily
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Figure 5.2: Change in collection flux enhancement for x/z polarized dipoles shifting from inverse
design position. Coordinate origin is at the center of the bottom face of the device, inverse design
position situated at (0,0, —100) nm. Enhancement factors are normalized to that at the inverse
design position; dashed lines indicate contour where enhancement is 50% of that at inverse design
position. There is an increase in enhancement factor as the dipole shifts closer to the surface.

by vacancy recombination with native nitrogen. The resulting NV distribution is dictated by the

112

vacancy diffusion profile’#, yielding a dense layer (=100 NVs per 800 nm excitation spot diameter)

of NV centers <100 nm below the diamond surface.

Sample B is a chemical vapor deposition diamond (Element Six, electronic grade, N < 5ppb,
B < 1ppb) implanted with N accelerated to 85 keV and vacuum annealed at 1200 °C. During
annealing, NV centers are formed primarily by vacancy recombination with the implanted nitrogen,

yielding a thin layer (= 3 N'Vs per excitation spot) of single NVs 100 nm + 20 nm from the surface.

After NV-formation, a 250 nm thick gallium phosphide (GaP) membrane is transferred to each
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Figure 5.3: a. Ilustration of fabrication process. The key idea here is to avoid plasma etching of
the diamond substrate. b. Design of the photon extractor. c. Top down SEM image of the photon
extractor pattern (before GaP plasma etch) with annotated measurements (Sample B). d. SEM
image of the photon extractors (after the GaP plasma etch) with annotated layer thicknesses and
sidewall angle (Sample B).

sample via a wet lift-off process? 51113 Electron beam lithography and subsequent plasma RIE
etching of the GaP layer forms the 1.5 pm x 1.5 pm photon extractors. The small footprint was cho-
sen for compatibility with on-chip electrodes enabling optical frequency tuning®"3*. Over 100 000
devices are fabricated in multiple arrays on the 2 mm X 2 mm diamond substrate. An array of
fabricated devices and a false color SEM image highlighting the material stack is shown in Fig. 5.1c.
On average, each feature is measured to be within 10% of the design, with near vertical (§ = 88°)

GaP sidewalls.
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Figure 5.4: a. Illustration of full microscope setup. b. Confocal image of NV PL from an implanted
square outside the grid of photonics devices on sample B. ¢. Confocal image of PL from a grid of
photonics devices on sample B.

5.3 Enhanced collection efficiency of NV photoluminescence

To study NV PL enhancement from the fabricated devices, we use spatially-resolved photolumi-
nescence spectroscopy under off-resonant 532 nm excitation (Fig. 5.4). The measurement setup is
based on the microscope discussed in chapter 4.

First, sample A is utilized for broadband characterization of ensemble-averaged enhancement
over the entire NV spectrum. The room temperature spectra from devices are normalized to a
non-device ensemble on the same sample. We observe an average six-fold enhancement that is
relatively flat over 575 to 750 nm and matches well to the theoretical spectrum-averaged four-fold
enhancement (Fig. 5.5b, c).

Having demonstrated broadband NV PL enhancement, we move on to single-NV coupled de-
vices on sample B and characterize the enhancement of the NV zero-phonon line (ZPL) emission.
Identification of single-NV coupled devices is performed by comparing the low temperature (8 K)
NV~ ZPL spectra under 532nm excitation of devices to nearby non-device NVs (Fig. 5.5¢). En-
hanced ZPL collection rates (Fig. 5.5d) were exhibited in 74 of 480 tested devices. The distribution
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Figure 5.5: a. Implanted NV centers coupled to grating devices are excited with off-resonant 532 nm
(resonant 637nm) laser source and the ZPL at 637 nm (PSB emission from 650 to 800 nm) is collected
for photon-antibunching (PLE) studies. b. Comparison of simulated (grey) and measured (blue)
broadband enhancement for inverse extractor devices coupled to NV ensemble (Sample A). The
red line indicates the average simulated spectrum and the red envelope is one standard deviation
around the average. Variation in individual spectra for both simulation and measurement stems
from randomness of NV positions relative to any given device on top of the ensemble sample.
c. Spectra showing broadband NV PL enhancement for NV ensemble (Sample A) d. Spectra
comparing ZPL emission of device-coupled and a non-device (bare) single NV (Sample B). e.
Saturation counts from devices coupled to single NVs. Inset: Histogram of measured devices and
the observed ZPL enhancement (Sample B). f. ¢g?(7) measurement of device coupled to single NV
under 532nm 300 pW excitation (Sample B).

of observed enhancement can be seen in Fig. 5.5e. For devices on sample B, the placement of NVs
with respect to the optical mode is random; coupled device yield can be significantly improved by

targeted implantation or pattern alignment to registered defect centers''* during fabrication.

We verify that the observed enhanced PL emission corresponds to a single-emitter using an

autocorrelation measurement on the NV~ ZPL at 637nm. When a stream of single photons are
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incident on a 50/50 beam splitter, the normalized correlation of recorded photon arrival time
at the two beam splitter output ports will be <0.5 at zero time delay (7). Fig.5.5f shows the
normalized coincidences under continuous off-resonant excitation for a device-coupled NV. The
dip in coincidences at 7 = Ons is 0.12 < 0.5 and verifies single-photon emission. Autocorrelation
measurements on the eight brightest devices confirm single-NV coupling in six of the devices. In
addition to the dip at zero time delay, significant bunching is observed in all devices on the 100 ns

timescale.

5.8.1 Analysis of photon-autocorrelation measurements

In modeling the autocorrelation curve (red line, Fig. 5.5f), we find it is necessary to include both
the NV~ singlet state and the NV charge state to reproduce the magnitude and timescale of the
bunching for a series of power-dependent measurements. Consideration of charge state dynamics
is a critical for NV device performance as discussed further below. Consistent with theoretical
expectations, excited state lifetime reduction (due to an increased LDOS) is not necessary to obtain

good agreement between the experimental data and model.

The normalized autocorrelation measurements on the NV~ ZPL photons emitted shown in
Fig. 5.6(b-d) provide definitive evidence that we are observing enhancement from a single quan-
tum emitter, yet also reveal significant photon bunching. Power dependent photon bunching is a
well-documented effect in NV centers, however the number of coincidences we observed at delays
around 20 ns for the 300 W and 600 uW data is larger than typically observed in literature. We
observe similar bunching in implanted, bare-diamond coupled NV centers in the same sample, but
under higher excitation intensity. This similarity suggests that the devices enhance the excitation
field at the defect, but are not responsible for the presence of the bunching. Photon bunching
is detrimental for many applications since it arises from non-cycling transitions shelving the NV

center into inaccessible, or dark, states.

The connection between the photon statistics and the NV center’s state is given by the following

equation,

e, T|g,0
g(z)(T):P( 9,0)

pleco) | (5.1)
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Figure 5.6: a. Energy levels and transitions of the NV~ and NV charge states utilized for modelling
the g®(7) data. b. g®(r) for 120 pW non-resonant excitation. c. g(®(r) for 300 p£W off-resonant
excitation. d. g®(7) for 600 p®W non-resonant excitation. Note the increase in bunching peaks
with increase in excitation intensity.

where p(e, 7|g,0) is the probability of finding the NV center in the excited state at time delay 7
given that it was in the ground state at 0 time delay, and p(e, 00) is the steady state population in

the excited state under continuous excitation.

We model the NV center as a 6 level system in order to account for the NV~ ground states,

excited states, singlet states, and NV? states as shown in Fig. 5.6(a). In our labelling scheme,
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manifolds 1 and 3 corresponds to the ms; = 0 ground and excited states respectively. Manifolds 2
and 4 correspond to the mg = £1 ground and excited states. Manifold 5 contains the singlet states,
and manifold 6 consists of the NV states. The probability of being in level i is p; and the rate from
level i to j is given by k;;, and P is the optical excitation power. Coherences between the different
energy levels are assumed to decay on time scales faster than the excitation/relaxation rates due

to the non-resonant pumping, which simplifies the model to following set of 6 rate equations.

p1 —k13(P) 0 k31 0 ks1 ke1(P?) | 1

P2 0 —ki3(P) 0 ka1 ksa 2ke1(P?) | |p2

ps| | ks(P) 0 —(ks1 + kse(P) + kss) 0 0 0 Ps

Pl | 0 Ra(P) 0 — (k1 + kso(P) + kas) 0 0 ps

D5 0 0 k35 kas —(ks1 + ks2) 0 D5

ps] | O 0 k3s(P) k36 (P) 0 —3ke1(P?)] | pe
(5.2)

One subtlety is that each level of our model corresponds with a manifold of NV states. This has
implications in our treatment of off-resonant excitation into the excited state, the multiplicity of
the m, = £1 level, and the NV? internal dynamics. We address the issue of off-resonant excitation
by taking the excitation rate to depend linearly on power, while the photon emission rate is power
independent. We account for the multiplicity of the ms; = £1 states by properly normalizing the
branching ratios. For example, the recombination from the NV manifold into m, = 41 is taken
to be twice the recombination into m, = 0. Lastly, we ignore the internal dynamics of NV°, and
treat recombination as a two-photon process that in the weak excitation limit should scale as the

power squared.

The initial condition is determined by the spin polarization, p1/(p1 + p2), and is determined by
forcing our solution to be self consistent. In other words p1(0)/(p1(0) + p2(0)) = p1(c0)/(p1(c0) +
p2(00)). We find that the equilibrium spin polarization approaches a maximum value of 0.8 at low

power and decreases with power.

Older models of NV dynamics ignore ionization and recombination, and focus on the role of the
NV~ singlet state and spin non-conserving transitions''®. We are unable to reproduce the power
dependent bunching we observe with the rates from these models. Our model is more similar to

recent literature models which account for both the long-lived NV~ singlet state, as well as the NV
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Rate Model 1 Model 1 Model 2 Model 3 This
(}ls_l) NV1 NV 2 Model
116 116 115 117
ks 10 10 NA 59 82

(1 mW)
ka1 7 66 77 75 89
k35 0 7.9 0 11 17
kqs 30 53 30 80 17
ks1 5 1.7 3.3 2.6 1.7
kso 0 1 0 2.3 0.50
ks 852 852 0 2.2 24
(1 mW)
ko1 45 45 0 A7 11
(1 mW)
Table 5.1: Rates for modelling NV dynamics
charge state, but we ignore internal dynamics within the singlet and neutral states''% 7 as we are

able to obtain satisfactory agreement simulataneously fitting the three power-dependent g2 curves
with the simplified model (Fig.5.6. We begin the optimization with rates taken directly from these
models and optimize over each parameter. This is necessary, since the rates can vary significantly
between different NV centers (Table 5.1). We find the final optimized rates are in reasonable agree-
ment with reported values, with the only disagreement being in lower shelving rates into the singlet
state, and lower deshelving rates out of the singlet states. Nevertheless, it is clear that ionization
and recombination are important factors in the emission properties of an NV center, and should be

considered in a variety of applications.

5.4 Charge-state and spectra stability of device-coupled NV centers

As discussed in the previous sections, single defect qubit devices have requirements beyond photon

collection efficiency including charge state stability and spectral homogeneity and stability. These
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Figure 5.7: (Sample B, T=8K) a. The ratio of ZPL intensities of NV~ (637nm) and NV (575nm)
charge states for device-coupled and non-device NVs as a function of the 532 nm excitation intensity.
b. The distribution of ZPL wavelength for device-coupled and non-device NVs. c. The distribution
of observed average PLE linewidth for non-device NVs. d. PLE characterization of NVs; (d.i)
Grown-in deep NV avg. linewidth = 44 MHz, (d.ii) Implanted NV pre-fabrication avg. linewidth
= 66 MHz, (d.iii) Implanted NV post-fabrication after oxygen annealing avg. linewidth = 59 MHz,
(d.iv) Device-coupled NV (device 3) post oxygen annealing avg. linewidth = 844 MHz. The green
markers indicate 532 nm repump pulses that re-initialize the NV into the NV~ charge state.

properties should be preserved during device integration. Our autocorrelation model suggests that
rapid charge-state conversion occurs between the neutral (NV?) and negatively-charged (NV ™)
states. For both sensing and quantum information applications, the NV~ charge state is required,
hence we need to minimize ionization into the NV charge state. Every NV center, device or non-

device, has emission at both NV? and NV~ ZPL transitions, with the ratio of the ZPL intensities
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(Fig. 5.7a) determined by the local Fermi-level**1'® and excitation intensity''®. We also observe
a broadening in the inhomogeneous NV~ ZPL distribution (Fig. 5.7b) for device-coupled NVs vs
nearby non-device NVs. This static inhomogeneous broadening may be due to local variation in
the strain environment33 29, Identical photon emission from different coupled defects are essential

for photon-mediated defect qubit entanglement schemes'23. The observed static inhomogeneity

31,34 121,122

can be bridged by Stark tuning or quantum frequency conversion techniques

High resolution photoluminescence excitation (PLE) spectroscopy gives us further insight into
the temporal spectral stability of individual defects. In PLE measurements, a narrow-band tunable
laser is scanned across the NV~ ZPL while collecting the NV~ phonon-sideband PL (650 nm to
800 nm). From the PLE spectra we obtain the average NV~ optical linewidth as well as the scan-to-
scan variation in the ZPL frequency, indicating NV spectral diffusion. During PLE we can observe
a loss of the NV~ PL signal due to ionization to the NV state. When PL is lost, we apply a short
532nm repump pulse (0.1 s) between scans to reinitialize into the NV~ charge state. Hence, the
interval between repump pulses is another indicator of the NV~ charge state stability.

For a deep, single NV center incorporated during growth, NV~ is the preferred charge state at
low excitation power (NV~/NV? =3.4 at 60 tW of 532nm excitation). An average linewidth of
44 MHz is observed (Fig. 5.7d.i). Minimal spectral diffusion is observed between repump pulses, with
the NV~ ZPL frequency exhibiting a standard deviation of 48 MHz, It is a challenge to demonstrate
this level of optical stability with device-coupled implanted near-surface NVs. Pre-fabrication, the
implanted single NV centers exhibit an average optical linewidth of <100 MHz (Fig. 5.7c, green).
Between repump pulses, the standard deviation of the NV~ ZPL frequency is ~100 MHz, indicating
low spectral diffusion. (Fig. 5.7d.ii). The NV~ charge state remains stable, no ionization is observed
for multiple scans over ten minutes of measurement time. This data compares favourably with the

grown-in NVs.

5.4.1 Ozygen surface termination of devices

Post-fabrication, for both device and non-device implanted NV centers, the preferred charge state
at low excitation power is NV°. In addition to the low NV~ /NV? ratio (Fig. 5.7a dashed lines),

we observe broadening of the average single NV~ linewidth (Fig. 5.7¢, blue), rapid ionization and
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Figure 5.8: a. Sample A NV PL spectra before and after oxygen annealing. b. Sample B device-
coupled NV ZPL (device 1, shown in Fig.2 main text and SI.5) before and after oxygen annealing.

large spectral diffusion. We suspect that although our design avoids etching into the diamond,
the GaP photonics plasma etch (Ar/Cly/Ng) modifies the surface termination!?3 12 of the dia-

44,125 - we performed

mond and introduces new surface charge traps. Encouraged by prior studies
a post-fabrication oxygen anneal of the sample at 400°C. From Fig. 5.7a (solid lines), we see
that the surface treatment more than doubles the NV~ /NV? ratio. For the non-device NV cen-
ters, we recover the pre-fabrication average NV~ linewidth (Fig. 5.7c, red), but the NVs retain
the larger spectral diffusion (Fig. 5.7d.iii). Post-oxygen annealing, for device-coupled NV centers
(Fig. 5.7d.iV), we measure an average device-coupled NV linewidth of 844 MHz (1.5 GHz pre-O2
annealing). This linewidth is ~ 8 times larger than non-device NVs. Further studies are needed
to determine if this fast spectral diffusion can be attributed to the GaP-diamond interface (charge
traps) or laser-induced due to modification of the excitation intensity profile. One promising av-
enue for further reduction in fabrication-induced NV instability is to perform the GaP device

126 Our inverse-design optimization framework

transfer post-fabrication via a stamping process
can accommodate additional constraints such as interconnected support structures required by the

stamp-transfer fabrication technique.
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5.5 Summary and outlook

Compared with related devices in the literature such as solid immersion lenses?” 27, diamond

1 1

nanowires'?®, bullseye gratings'??, diamond metalenses'? and parabolic reflectors'3!, our approach
enables compact devices and avoids directly etching the diamond via harsh processes that degrade
the optical properties of the coupled defect qubits. Other designs based on hybrid metal-dielectric
gratings / plasmonic resonances may achieve Purcell enhancement along with high directivity, but

2 or embedded in the device

they require the NV to be either very close (few nm) to the surface!®
within a nanodiamond!?37135 both extremely challenging environments for the realization of high
charge stability and spectral purity required for quantum information applications. Our design
addresses efficient photon extraction given the constraint of an NV, formed by implantation, em-
bedded in a low-perturbation environment within a bulk diamond sample. As near-surface defect
qubit engineering advances, our inverse-design platform can readily be used for even higher enhance-
ment of photon emission from shallower defects and provides the design flexibility for integration
with emerging technologies such as stamp-transferred devices!'2S.

With the inverse-designed photonic devices, we have shown that the coupled-NV spectral
linewidths can be improved by about an order of magnitude over disk-resonator coupling geom-
etry (840 MHz vs 5 GHz). Further, we observe that even NV centers 100 nm below the surface
are significantly perturbed by the diamond surface characteristics. To determine the best strategy

to overcome this issue, in the next chapter, we study this surface dependence of the NV optical

properties using automated PLE linewidth studies on thousands of NV centers.
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Chapter 6

Investigation of spectral stability of implanted

NV centers in diamond

Scalable realizations of quantum network technologies utilizing the nitrogen vacancy center in
diamond require creation of optically coherent NV centers in close proximity to a surface for coupling
to photonic structures. In this chapter, we create single NV centers by '°N ion implantation and
high-temperature vacuum annealing. Origin of the NV centers is established by optically detected
magnetic resonance spectroscopy for nitrogen isotope identification. Near lifetime-limited optical
linewidths (< 60MHz) are observed for the majority of the normal-implant (7°, ~100nm deep)
15NV centers. Long-term stability of the NV~ charge state and emission frequency is demonstrated.
The effect of NV-surface interaction is investigated by varying the implantation angle for a fixed
ion-energy, and thus lattice damage profile. In contrast to the normal implant condition, NVs
from an oblique-implant (85°, ~20nm deep) exhibit substantially reduced optical coherence. Our
results imply that the surface is a larger source of perturbation than implantation damage for
shallow implanted NVs. This work supports the viability of ion implantation for formation of
optically stable NV centers. However, careful surface preparation will be necessary for scalable

defect engineering.

This chapter has been published as:

Chakravarthi, S., Pederson, C., Kazi, Z., Ivanov, A. and Fu, K.M.C., 2021. Impact of surface and laser-
induced noise on the spectral stability of implanted nitrogen-vacancy centers in diamond. Physical
Review B, 104(8), p.085425. Copyright 2021 by the American Physical Society.

https://doi.org/10.1103/PhysRevB.104.085425
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6.1 Introduction

1,59,136

Nitrogen-vacancy (NV) point defects in diamond combine optical addressability with long

137

spin coherence times'”, making them promising candidates for quantum networking'’!3%. NV

centers in diamond have been used to demonstrate essential ingredients for quantum networks in

19,23

recent experiments, including on-demand remote entanglement generation , coherent control of

13 19,140

multiple nearby nuclear spin memories'® and memory-enhanced quantum communication
For networking schemes, optical coherence and photon collection efficiency are key figures of merit.
Nanophotonic integration of NV centers has demonstrated potential for high collection efficiency

oL, 141-143 and thus should enable the scaling of quantum entanglement net-

and scalable integration
works. The small mode volume needed for significant photonic coupling requires localization of NV
centers to within tens of nanometers from diamond surfaces. Hybrid materials platforms3*°!, which
minimize diamond fabrication, utilize evanescent coupling require NV centers in even closer surface
proximity. Nitrogen ion (NT) implantation followed by high-temperature annealing is a commonly
utilized process for targeted spatial localization of NV centers for device integration. However,

1.1 and Kasperczyket al.'® determined that centers

recent published results by van Dam et a
with high optical coherence created by NT implantation and annealing are predominantly formed
by implantation-induced vacancies diffusing and combining with native nitrogen. As vacancies are

relatively mobile at annealing temperatures®’ 112 116,147 "this result implies loss of localization and

precludes deterministic photonic device integration.

The optical coherence of shallow NV centers can suffer degradation from two sources; (1) charge
traps formed in the bulk from the implantation and annealing process and (2) charge traps associ-
ated with the surface or sub-surface of diamond. Ionization of charge traps produces a dynamically
changing electric field which couples to the different dipole moments of the ground and excited
states of the NV centers?!34 148,149 " Thjg effect manifests as linewidth broadening and spectral dif-
fusion of the NV optical transitions. Since the prescription for each possible source is quite different,
it is important to identify the relevant culprit. Here we show that for &~ 100 nm implant depth, it is
possible to create NV centers with typical optical transition linewidths <60 MHz. Additionally,
the long-term spectral stability of the NV transitions to within 200 MHz is demonstrated. For

this implant condition, given the average NV-surface distance, we expect bulk sources to dominate
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optical decoherence. The observed spectral stability implies bulk sources can be overcome.

Encouraged by the 100 nm implantation results, we explore the possibility of implanting coherent
centers closer to the surface. Shallower centers allow for enhanced optical coupling®® for hybrid
materials devices. We create NV centers at ~20nm by changing the angle of implantation as
opposed to varying the energy of implantation. Hence, the local damage profile around an NV
center is similar to the 100 nm implantation condition, merely rotated relative to the surface. Here
we find that the optical linewidths are orders of magnitude larger and are accompanied by decreased
spectral stability.

Combined, these observations strongly imply that the proximity to the diamond surface is the
dominant source of optical decoherence, and that the bulk implantation damage profile is not the

limiting factor for shallow implanted NV centers.

6.2 Experimental details

6.2.1 Samples

In our primary study, to elucidate the effect of the surface on the optical properties of implanted NV
centers, we utilize two identical chemical vapor deposition diamonds samples A and B (Element Six,
electronic grade, N < 1ppb, B < 1ppb), with (100) surfaces. As purchased, the diamond surfaces
are polished to less than 1 nm RMS surface roughness. Both samples are processed identically unless
stated otherwise. First, we etch away =5 pm from the surface using plasma reactive-ion etching to
remove polishing damage'*®. We take the following precautions to avoid micro-masking that is a
common occurrence during diamond etching: At each step the diamonds are cleaned in a boiling
1:1:1 mixture of HoSO,4, HoNO3 and HCl1O4 at 260 °C for one hour to remove organic contaminants

48 A sapphire carrier wafer is utilized to prevent silicon contamination of

and graphitic carbon!
the diamond surface during the etch!®. We utilize a two step Ar/Cl plasma (physical etching via
sputtering) followed by O plasma (chemical etching via oxidation) process to remove any deposited
material that may result in micro-masking (process details are provided in Appendix A). The total

etch duration is 45 min of Ar/Cly and 20 min of O2 etching. Post processing, both diamonds have

nearly identical surface morphology with sample A (B) exhibiting 0.63 (0.43) nm RMS roughness
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Figure 6.1: Diamond surface preparation and simulations of implantation conditions: a. Morphol-
ogy of the diamond surface measured by atomic force microscopy. The RMS surface roughness for
sample A (B) was measured to be 0.63 (0.43) nm before implantation and 0.56 (0.30) nm after im-
plantation and annealing. b. A simulation of the implantation profile obtained by SRIM for sample
A (red, 7°) and sample B (blue, 85°) showing the damage trails and final positions of implanted *N
atoms. The green circle represents our excitation laser spot. Note that the implantation yield is low
(<5%), hence within an excitation spot there is a small probability each trail results in a NV center
upon annealing. Inset i. Illustration of the implantation geometry. Inset ii. A cross-section of
the simulation showing the ion damage trails for the two implant angles. Total vacancies generated
per ion is similar for both the implant angles. However on sample B, some '°N atoms are lost due
to ion scatter out of the surface.

(Fig. 6.1a).

We implant both samples A (B) with N at identical energies and effective beam dosages of
85keV and 3e9 ions/cm?. The implantation angle for samples A and B are 7° and 85° respectively.
We model the effect of the different ion incidence angles on the implantation profile using the
Stopping and Range of Tons in Matter (SRIM) code!®. For sample A (B), the average depth of
the !N atoms is 100£20 (21£13) nm below the surface. Although the effective beam dosage is the
identical for both samples, approximately 41% of the incident ions are back-scattered for sample
B. This back-scattering is a geometric consequence of rotating the damage profile relative to the

surface, such that some of the scattered ions escape the diamond surface. Hence the final '°N



65

density in sample B is predicted to have 60% the density of sample A.

The samples are vacuum annealed at < 1.4x10~7 mbar, 1100°C for two hours with long ramp
times as described in Ref. [144,148]. This is followed by a short two hour anneal at 435 °C under Oy

44,125

flow to oxygen terminate the surface and stabilize the negative charge state of the near-surface

NV centers.

In addition, we characterize four supplemental diamond NV implantation samples (C-F) to sup-
port the reproducibility of the primary study. These diamond substrates have identical specifica-
tions (Element Six, electronic grade) but are sourced from different growth runs. Pre-implantation,
all samples are processed as detailed in this section. The specifics of implantation/annealing con-

ditions for each sample are provided in the table accompanying Fig. 6.4.

6.2.2 Measurements

A confocal microscope comprising a 532 nm DPSS laser and 60X (NA=0.7) objective lens is used
to scan over 80x80pm? areas using a piezo stage. A polarizing beamsplitter with an automated
half-wave plate is used in the excitation path to preferentially excite a given NV orientation.

To identify the nitrogen isotope associated with each NV center, we use optically-detected
magnetic resonance (ODMR) spectroscopy. For an NV in the ms = 41 ground spin-sublevel, reduced
photoluminescence (PL) is observed upon off-resonant excitation due to a small likelihood (&
20%) of relaxation through the dark inter-system crossing transition?% 12 (dotted line, Fig. 6.2a).
The samples are placed in a weak magnetic field (= 5G) that splits the ms==+1 ground spin-
sublevels. RF excitation is delivered via a small copper loop (radius 0.3 mm) suspended & 50pm
above the diamond sample. A short (5ps) off-resonant 532 nm laser pulse initializes the NV into
the ms=0 spin state. Next, a radio-frequency (RF) m-pulse (0.8 s) rotates the NV spin state
before time resolved NV PL is recorded during the subsequent short (5ps) readout laser pulse.
The m-pulse area is initially calibrated by performing a Rabi experiment. The pulse sequence is
repeated while sweeping the RF driving frequency over all the NV ground state spin transitions. The
resulting two (three) dip PL intensity spectrum corresponds to the N (14N) NV-N ground state

1,153

hyperfine interaction , indicating that the NV incorporates an implanted or grown-in nitrogen

atom (Fig. 6.2c,d). ODMR spectra are measured at room-temperature for randomly sampled NV
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Figure 6.2: Correlated NV ODMR (RT) and PLE (T<12K) measurements on sample A: a. Pulsed
ODMR scheme utilized to identify the N isotope. Laser and radio-frequency (RF) pulses are
generated by an acousto-optical-modulator and RF switch, respectively. (Laser power 0.8-1.0 mW,
spot diameter ~800nm.) Pulses and photon collection are triggered by a programmable pulse
generator. b. Confocal PL map of the implanted region with the measured NV centers indicated
by their isotope (green N, red *N). c. ODMR spectra for the marked NV incorporating implanted
15N. d. ODMR spectra for the marked NV incorporating grown-in '*N. e. Resonant excitation
(PLE) scheme utilized for characterizing the optical coherence of the marked NV centers. Sidebands
at 2.9 GHz are added (using an electro-optic modulator) to the scanning resonant laser to counteract
optical spin pumping. Upon detection of an NV~ to NVY ionization event (indicated by lack of
NV~ PL) a 50 ms off-resonant green re-pump is used to reset the NV charge state. f. Time traces
of PLE scans measured at 10.5 K for three NV centers. Off-resonant re-pump between scans are
indicated by green squares along the right column, this induces large spectral jumps in many NV
centers (e.g. NV 1). The "\’ markers along the scan axis indicate discarded scans where no NV
PL is observed. The PLE traces for NV centers typically show long periods of spectral stability
between re-pump pulses.

centers in the implantation region (Fig. 6.2b) and fit to a three (1YNV) or two (1°NV) dip Lorentzian.
The positions of the sampled NV centers are recorded. The samples are then cooled to <12K in a

close cycle cryostat for spectral characterization of the selected NV centers.

Low-temperature NV~ PL spectra under CW 532nm excitation provides the inhomogeneous
distribution of the ZPL transition (Fig. 6.3) arising from variations in the local strain and electric

field environment of individual centers. The NV charge state ratio (NV~/NV?) is also recorded as
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a function of the excitation intensity for a subset of centers (Appendix C). Additionally, high reso-
lution photoluminescence excitation (PLE) spectroscopy provides insight into the optical coherence
and temporal spectral stability of individual NV centers. In PLE measurements, a narrow-band
tunable laser is scanned across the NV~ ZPL while collecting the NV~ phonon-sideband PL (650 nm
to 800nm) (Fig. 6.2e). The resonant laser and accompanying 2.9 GHz sidebands simultaneously
drive the {ms=0, ms=+1} — {Ex, Ey} transitions3? 14155,

From the PLE spectra we collect statistics on the ZPL single-scan linewidth as well as the scan-
to-scan variation in the ZPL frequency. During PLE we can sometimes observe a loss of the NV~
PL signal due to ionization to the NV state; to reinitialize into the NV~ charge state we apply a
short low power 532 nm repump pulse (50 ms) between scans (as indicated by the green markers in
Fig. 6.2f). The interval between repump pulses is an additional indicator of the stability of NV~

charge state.

6.3 Correlated ODMR and PLE spectroscopy

On sample A, ODMR was performed on 32 NV centers with 26 centers identified as >NV, one
as MNV; remaining five NVs could not be conclusively identified. Similarly, on sample B, ODMR
was performed on 38 NV centers with 27 centers identified as '®’NV, two as "NV the remaining
nine NVs could not be identified. The observed total NV density for sample A (B) is 1.2/ pm?
(0.3/ pm?) corresponds to an implantation conversion yield of 4% (1 %). For both these samples,
no grown-in NVs were observed in a 80 pm x 80 pm area at a depth of 50 pm implying very low
native N density®®. Considering the natural abundance of '°N (0.4 %) and the >NV /NV ratio r
for both samples (rp =26, rg =13.5), it is clear that for our diamond substrates and implantation

conditions that NV formation incorporating implanted nitrogen is favored.
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Figure 6.3: Photoluminescence excitation characteristics of measured NV centers on samples A and
B: a. The fitted Lorentzian FWHM distributions for each observed NV. The color box and black
marker represent the interquartile range and median linewidth respectively. The total number of
scans and measurement duration comprising each distribution is recorded in the accompanying
table. The PLE traces for NV centers 1 to 3 are also shown in Fig. 6.2f. b. The distributions of the
scan-to-scan change in the center frequency of the fits, representing spectral variation. Off-resonant
re-pump pulses are only applied when NV ionization is detected. On average, there are six re-pump
events over a measurement duration of 10min. The blue markers indicate large spectral jumps

after re-pump pulses.
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First let us consider sample A. The single NV low-temperature ZPL spectra under off-resonant
532 nm excitation is typically spectrometer resolution limited (AX = 0.021 nm). PLE spectroscopy
reveals that both 1N and N centers typically exhibit near lifetime-limited linewidths. A sequence
of laser scans over a span of ~ 10 minutes (each scan is 4 to 8s in duration) gives us a median
linewidth of < 60 MHz for 12 out of 16 centers (Fig.6.3a). This linewidth is computed by individually
fitting each scan to a Lorentzian. The laser intensity is set between 30 to 60 nW with a scan rate
of 1 to 2.5GHz/s. A linewidth power dependence measurement was performed on two centers to
ensure that the observed linewidths are not significantly power-broadened in our intensity range.
The PLE results are summarized in Fig. 6.3a; the solid boxes mark the fitted linewidths between
first and third quartile. This interquartile range is an indicator of spectral diffusion (A v) of the
NV ZPL during a single resonant laser scan (on the timescale of ms).

Additionally, by tracking the ZPL frequency between scans, we can characterize the long term
spectral stability (on the timescale of s). We calculate this spectral variation (Aw) by recording
the change in ZPL frequency between subsequent scans (Fig.6.3b). Here, we emphasize that an
off-resonant re-pump pulse is only applied when no NV PL is detected (i.e. NV~ has ionized to
NVY) emulating emerging NV quantum networking protocols'®?3. The median spectral variation is
typically < 100 MHz, for long periods (60 to 300 s) between re-pumps. We observe that most >NV
centers experience large spectral jumps (=500 MHz) after an off-resonant re-pump pulse. These
jumps occur in 95% of the re-pump events. In Fig.6.3b, the blue markers indicate re-pump triggered
spectral jumps. This is the only metric where we see a clear advantage for the *NV also observed on
sample A (Fig. 6.3, red). It is unclear at this time if the re-pump triggered perturbation originates
at the surface (with the single *NV lying deeper within the sample) or from local implantation
damage. Nevertheless, it may still be mitigated with the use of a low-power resonant NV° re-pump
pulse' 9.

Sample B reveals a different story, the low-temperature ZPL spectra under off-resonant 532 nm
excitation for individual NV centers is much broader (0.02 to 0.25nm;). Given that the lattice
damage profile is similar to sample A, this spectral broadening could be attributed to rapid fluctu-
ations of surface charges effectively Stark-tuning the NV centers within the exposure duration of the
spectra. Such rapid ZPL fluctuations make resonant 637 nm PLE measurements very challenging.

Of the six NV centers randomly sampled, only three showed PLE signal. All three NV centers (two
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Figure 6.4: Automated ODMR and PLE measurements are performed on four additional samples
(C to F). We are not able to track the NV centers between ODMR and PLE with the automated
protocol. ODMR NV /NV ratio suggests predominance of '>’NVs across all implanted samples.
Similar to the previous dataset (Fig. 6.3), the average linewidth for each individual NV is computed
as the mean FWHM obtained by fitting each of the 30 frequency scans to a Lorentzian. Automated
PLE scans performed on deep grown-in NVs (25 pm from surface, sample F) are used as a reference.

15N and one N) exhibit broad median linewidths (0.5 GHz to 1.2 GHz) and increased spectral
variability (Fig. 6.3).

Finally, we confirm that the NV~ charge state is preferred across the full range of optical powers

(15 to 600 pW of 532 nm excitation) for both samples A and B (Appendix C).
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6.4 Automated spectroscopy

To corroborate the data from our primary samples (A, B), we present automated ODMR, PLE
and low-temperature off-resonant PL spectroscopy datasets on four other samples (C to F). Our
automation procedure allows us to sample hundreds of NV centers, however we are unable to
track individual NV centers between PL, PLE and ODMR datasets. Details of the automated

measurement protocol are provided in Appendix B.

First, let us consider samples D and E with similar implant conditions (1°N, 85keV 7°) to sample
A. Uncorrelated ODMR measurements on sample D show most centers are ">N. The measured
average ZPL linewidth distribution (Fig. 6.4) of hundreds of NV centers, tracks well with the dataset
from sample A, indicating reproducibility of narrow-linewidth NV centers. In the ideal case, the
linewidth of NV centers created through ion implantation and annealing would be equal to the
linewidth observed in background NV centers distributed throughout the sample. No background
NV centers could be identified in either samples (A, B) and a low density prohibited automated
measurements in samples (C, D, E). Automated PLE measurements on native NV centers 25 um
within sample F, a similar electronic-grade sample that has undergone high-temperature annealing
(with no implantation), serve as our reference. From the data presented in Fig. 6.4, the average
NV linewidth distribution of all the 85 keV, 7° implant samples are in agreement with the reference

sample.

Next, we examine the shallow implantation samples. The average ZPL linewidth distribution
in Fig. 6.4, shows that both the shallow NV samples C (40keV 7°) and B (85keV 85°) exhibit
decreased optical coherence. This is despite the fact that initial implantation damage for sample
C is significantly lower compared to samples A, D and E (85keV 7°). We can use the average
number of vacancies (V) generated per implanted ion trail as an analogue for local lattice damage.
From SRIM'! simulations, sample C incorporates 203 V/ion whereas samples A, B, D and E
incorporate 390 V/ion. This provides further evidence that the broadening seen for the shallow
implants is unrelated to the implantation damage at these energies and dosages and instead is a

result of charge traps associated with the surface.

In addition, low-temperature PL spectra (off-resonant excitation) from a large number of NV

centers provides the inhomogeneous ZPL distribution (Fig. 6.5). Regardless of the variations in the
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Figure 6.5: The NV ZPL inhomogeneous distribution. The histogram is generated by recording the
center wavelength of all peaks observed with 532 nm excitation from locations within an implan-
tation region (except the grown-in reference NV centers) on the respective samples. Note that no
distinction is made of the different transitions associated with the NV excited state spin sublevels.
The bin size is 0.025 nm, and the spectrometer resolution is 0.021 nm. The histogram data is fitted
to a Gaussian to extract the full-width half max (FWHM) of the distribution. Sample B show an
obvious deviation from other samples.

total implant damage (V/pm?), the inhomogeneous NV ZPL distributions are similar for samples
A, C and E (Gaussian fit FWHM = 52.5 GHz, 42.1 GHz and 48.8 GHz respectively). The grown-in
NV centers exhibit a narrower ZPL spread (FWHM < 15.4 GHz, spectrometer resolution limited).
Finally, the ZPL distribution for sample B is much broader (FWHM =126 GHz) than any of our
other samples. A comparison suggests that there is still a small amount of residual strain remaining

in the implantation samples.
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6.5 Summary and outlook

Lattice damage from the ion-implantation process introduces localized perturbations of the defect
environment. Our result with the 85keV 7° implant samples indicates much of this damage can
be annealed out for an NV created directly from an implanted nitrogen. We observe that NV
centers exhibit long periods of spectral stability, wherein their spectral characteristics are akin
to optically coherent grown-in NV centers. The implanted NV and grown-in centers exhibit
comparable median optical linewidths. However, we do see distinct advantages for grown-in centers
in terms of behavior under off-resonant green re-pump and inhomogeneous ZPL distribution. For
5NV centers, green re-pump pulses used to reinitialize the NV charge state introduce large spectral
variation (=500 MHz). This behavior hints at why our NV linewidths are qualitatively different
from van Dam et al.'** and Kasperczyk et al.'*>. They utilize re-pump pulses every scan, which we
can see would cause linewidth broadening into GHz. In fact, an analysis considering only the PLE
scans immediately after the repump pulse indicates our results in Sample A are consistent with the
400 nm 400 keV N implanted sample in van Dam et al. Further studies are necessary to pin down
the source of the re-pump triggered variation. Nevertheless, for the >NV centers, observation of
long periods of spectral stability between re-pumps shows promise for implementation of quantum

networks with integrated photonic devices.

Further, we show that this optical stability rapidly degrades with increasing proximity to the
diamond surface, corroborating measurements by Ref. [149] of NV centers in thin diamond mem-
branes which showed strong correlation of reduced NV spectral stability with decreasing membrane
thickness, not accompanied by a change in the NV strain environment. Ref. [149] suggests that the
additional NV dephasing may be attributed the Ar/Cly plasma etch process even for micron-scale
thick samples. Our past work has seen a similar effect on implanted centers'#?. Indeed, Ref. [156]
show that ~ 1 pm thin diamond membranes with improved diamond surface quality (etched by a

soft graded O9 plasma) can host NV centers with narrow linewidths.

Our conclusions fit into a larger narrative regarding the source of degradation of other properties
near surfaces as well, such as NV T5. Recent work by Ref. [157] correlating the reduction of NV T5
within 20 nm of the surface has shown that the 75 for NV center within 10 nm of the surface can be

enhanced an order of magnitude by preparing diamonds with smoother surfaces and well-ordered
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oxygen termination. Further work would need to be done to determine whether the spin-bath
responsible for T5 degradation is related to the charge traps we infer in our optical measurements,
however both suggest that solving the surface interaction problem is more important than fixing

residual implantation damage.
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Chapter 7
SiV centers coupled to GaP 1-D photonic

crystal resonators

Due to the high surface sensitivity of NV centers observed in the previous chapters, here we
investigate photonic integration with the SiV center in diamond utilizing 1-D photonic crystal
(PhC) waveguide cavities defined in GaP. Based on techniques developed with NV centers, we
first create SiV centers at a depth of 20nm by silicon ion-implantation and annealing (1200°C,
in vacuum). We transition to independent fabrication of photonic PhC devices on a silicon oxide
carrier chip (GaP-on-SiO9) and subsequent integration with a diamond qubit host using a stamp-
transfer technique. The stamping process avoids the plasma exposure of diamond, preserving the
qubit environment. Additionally, stamping allows us to carefully characterize the cavity resonances
of the PhC GaP-on-SiOs devices before transfer to diamond. Tuning of the PhC cavity resonance
wavelength to match the SiV ZPL transition is demonstrated by controlled iterative thinning of the
GaP photonic layer. This significantly increases the yield of qubit coupled photonic devices. After
transfer to diamond, we measure SiV-coupled PhC cavity quality factors (Q ~ 9k) remarkably close
to the design goal (Q ~10k) and show enhanced SiV ZPL collection efficiency (Purcell-enhanced

regime).

This chapter is being prepared for publication. Follow-up optical measurements are currently in progress.
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7.1 Introduction

SiV centers in high-quality diamond crystals show nearly lifetime-limited optical transitions with a
narrow inhomogeneous distribution®®. These properties arise from the inversion symmetry of the
SiV center which protects the optical transitions from electric field noise in the environment?3 5.
This makes the SiV centers much more favourable for integration with nanophotonic structures
than NV centers. Here we demonstrate coupling of waveguide integrated 1-D photonic crystal
(PhC) cavities to single SiV centers. In order to minimize the perturbation to the environment of
the SiV centers, the PhC cavities are fabricated on an independent gallium phosphide (GaP) chip.
The PhC cavities are then transferred to a pre-characterized SiV~ diamond sample via a gentle
polymer stamping process adapted from the 2-D materials community'®®. The PhC consists of a
thin GaP beam patterned with elliptical holes, providing a wavelength scale confinement of the
cavity mode (V' < A3)1597161 The SiV centers are coupled to the evanescent field of the cavity
mode. The presence of a cavity with physical dimensions comparable to the wavelength of the
atomic transition modifies the optical density of states dramatically®” 1627164 The objective of this

30,165

experiment is to reach the high-cooperativity regime of cavity QED where near-deterministic

spin-photon interfaces can be realized.

7.2 1-D PhC design and fabrication

The PhC device consists of a 1-D array of elliptical holes etched into the GaP. The designed GaP
layer is constrained to 222nm thick (selected to match the BGaP thickness of commercial BGaP-
on-Si wafer). Consider a unit cell of the PhC consisting of a single elliptical hole with major-axis hy
and minor-axis hx, GaP width wz and a lattice constant an;, (that also defines the horizontal extent
of the unit cell). The PhC parameters are optimized to maximize the photonic band gap shown
in the dispersion diagram Fig.7.1a,b (TE-modes). The software packages MPB!6% and MEEP!67
are utilized to simulate and extract the mode solutions. The solver computes the energies of the
eigen-modes depending on the k-vector. Full details of the PhC optimization can be found in Ref.
[168,169]. The light-line separates the energies of the modes that are guided (w < ck) from the

modes leaking into air (w > ck). The target frequency (SiV~ zero-phonon transition at 737 nm,



7

222nm GaP-on-Diamond (WG only) 222nm GaP-on-Diamond
500 500
| -

51 B ars{ C .

450 A 450
u f— ) _—
T T
= =
w5 425 1 w425
£ 2 BG
5 400 1 5 400
> >
o =
g £
S 3751 g 375 4
o o
£ £

350 - 350 -

325 4 325 4

00 T T f T T T T 300

0.300 0.325 0350 0375 0.400 0.425 0450 0475 0.500 0.300 0.325 0350 0375 0400 0425 0450 0475 0.500
wavevector k_x (units of 2r/a) wavevector k_x (units of 2n/a)

Figure 7.1: a. SEM image of a fabricated GaP 1-D PhC resonator coupled to input and output
grating structures. A series of elliptical holes in GaP defines the PhC. b. Simulated dispersion
diagram of TE-modes supported by a blank waveguide structure (no holes). The grey region
marks non-guided modes within the diamond light-line. Inset shows the top and cross-sectional
view of the unit cell (cell width=ay;;=140nm) consisting of GaP-on-diamond structure. The GaP
waveguide is 222 nm high and 360 nm wide. Simulations assume periodic boundary conditions along
all directions. c. Dispersion diagram with the optimized elliptical air hole (hx, hy) = (71, 183) nm
in the unit cell. Now we see the appearance of a TE band gap (marked in green).

407 THz) is designed to be within the band gap, with the fundamental TE-mode at the edge of the
band gap. Now, by introducing local perturbations in the periodic array of holes we can create a

defect, thus forming the PhC resonator.

The symmetric design of the PhC resonator can be divided into two regions; the taper (7') and
mirror (M) sections (Fig.7.2a). Within the taper region, the hole periodicity ac.y is adiabatically
reduced from the ani, value (Fig.7.2b). This serves two purposes, the decreased spacing between
holes reduces the effective-index and draws the fundamental TE mode at the edge of the band gap
towards the light-line and into the band gap forming the PhC cavity TE mode. The taper also
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Figure 7.2: a. SEM image of a fabricated GaP 1-D PhC resonator with the mirror and taper regions
annotated.b. The variation of the hole spacing across the PhC, distinguishing the mirror and taper
regions. c¢. FDTD simulated scaling of the total Q-factor of the GaP-on-diamond PhC resonator
with increasing number of mirror and taper holes. The left edge (M=0) of the plot describes the
over-coupled cavity regime (dominated by @).) whereas at the right edge (M=20) we are operating
in the under-coupled regime (dominated by ;). For maximum SiV photoluminescence extraction,
we would like to operate in the critically coupled regime (Q.=Q);).

reduces scattering losses in the cavity thus increasing the intrinsic quality factor (@;). The mirror
section consists of additional holes with the ani, periodicity allowing tuning of the coupling quality
factor (Q.). Similar to disk-resonator structures discussed in chapter 3, the overall quality factor
of the device is determined by the combination of @; and Q., @ = 1/Q; + 1/Q.. Here, we assume
Q; includes losses from absorption, scattering and leakage into the substrate. The presence of the
high index diamond substrate underneath the GaP introduces design challenges towards achieving
high @) because the substrate effectively expands the light-line such that photons can couple to the

continuum of radiation and leaky modes and leak out of the resonator.

The optimized design, with (amir, Geayv, hx, hy, w) = (140, 133, 171, 183, 360) is simulated
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in Lumerical finite-difference-time-domain (FDTD). With a dipole source (representing the SiV)
placed within the cavity field, the time-decay of the electric-field components within the PhC
structure is utilized to estimate the resonator quality factor. A parameter sweep of the number of
mirror and taper holes is then performed to arrive at the @)-scaling shown in Fig.7.2c. Similar to
disk-resonator device discussed in chapter 3, we can vary the device operation from undercoupled,
critically coupled thru to overcoupled regimes by changing the number of mirror holes. Typically,
the fabricated pattern consists of arrays of devices with a sweep of mirror and taper holes. We aim
for critically coupled devices to collect maximum SiV ZPL emission.

The FDTD simulation provides the distribution of the evanescent cavity field within diamond
substrate. Using the electric field amplitude and characteristics of the SiV, we can estimate the
cavity-defect coupling regime. The cooperativity of the SiV-cavity system is given by C' = 4¢?/k,
where g is the single-photon Rabi frequency,  is the cavity intensity decay rate and - is the total
decay rate of the emitter (SiV optical linewidth). The single photon Rabi frequency is related
to the cavity field by g = (1ge/ h)|E(7)|, where Lge is the electric dipole moment for the ground-
to-excited state optical transition (SiV ZPL) and |E(7)| is the electric field of a single photon in
the cavity mode at position 7 within the diamond (position of the SiV). Given the (100) diamond
surface orientation, the TE cavity mode matches the transition dipole moment of two (out of four
possible) orientations of the SiV center (to a factor of 0.8; cos(35°)). The cavity decay rate x can
be estimated as k=w/Q. At a depth of 25nm |E(7)| ~10% of maximum cavity field. Assuming we

can obtain a @) =~ 5k on diamond, C > 1 should be achievable.

7.2.1 Fabrication of 1-D PhC devices

The PhC structures are fabricated with two different substrates:

1. BGaP-on-Si: This material is appealing because it commercially available as large 300 mm
wafers. The BGaP layer thickness is 222nm, with a boron doping (2.7% B) required for
lattice matching to the silicon substrate. The refractive index of BGaP is very close to GaP
(An ~0.02), however suitability of this novel BGaP material with regards to nanophotonic
devices is unknown. Hence, in the next section we fabricate test photonic structures (disk

resonators, PhC devices, etc.) to quantify its optical properties.
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2. GaP-on-AlGaP: This is similar to the material that we previously utilized in chapters 3
and 5. The 290 nm GaP layer was released from a GaP substrate by etching an intermediate
AlygGag 9P sacrificial layer with dilute HF. The GaP was then transferred to the SiOy/Si
substrate using a wet-transfer process>* 113,

After substrate preparation, electron-beam lithography is performed with a JEOL-6300 EBL
system using HSQ resist to pattern the PhC devices. Extra care has to be taken during lithography
because of the sensitivity of the PhC structure to small variations in the hx, hy dimensions. Typi-
cally, a test PhC pattern is written on the day of the device patterning to verify the electron-beam
condition. For details on the lithography process, see Appendix-A.

Subsequent inductively-coupled plasma reactive-ion-etching (ICP-RIE) of the BGaP/GaP layer
forms the photonic devices. For the BGaP-on-Si devices, the Si substrate is undercut with a
XeFy vapor etch process. For details on the BGaP/GaP process, see Appendix-B/C respectively.
The devices are now ready for pre-transfer optical characterization and eventual stamp transfer to

diamond.

7.2.2  Stamp transfer on diamond

A stamping procedure adapted from the stacking of 2-D Van der Waals materials, as shown in
Fig.7.3. This technique is described in detail in Ref. [168,169]. The process is carried out in a
flip-chip wafer-bonder (Tresky T-3000-FC3-HF'), which controls the pressure, heating and allows
precise sample alignment. The process uses a PDMS mesa stamp and a intermediate polypropylene
carbonate (PPC) film. The PDMS/PCC stack is brought in contact with the PhC devices and
heated to 60° C to promote adhesion. Now, the PDMS/PCC/PhC stack is gently lifted-off the
carrier substrate. Next, the diamond substrate, hosting pre-characterized implanted SiV centers
is cleaned in a fuming sulphuric acid bath. It is critical that the diamond surface is clean and
smooth (roughness ~ 1nm RMS) for good adhesion to the PhC devices. The PDMS/PCC/PhC
stack is aligned and pressed down on the diamond substrate. The stamp and diamond are heated
to 130° C, which softens the PPC layer to release the PPC film (with the PhCs) from the PDMS
stamp. Finally, we dissolve the PPC in chloroform and rinse the diamond with acetone and IPA,

leaving the PhCs in place on the diamond substrate.
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Figure 7.3: a. An illustration of the stamp transfer process. We begin with GaP PhCs on a
carrier chip and finish with PhC integration with SiV on diamond. b. Optical image of suspended
BGaP-on-Si PhC devices before stamp transfer. The yellow/blue regions represent suspended and
anchored regions of the BGaP. The suspended regions are picked up by the polymer stamp and
transferred to diamond. c¢. BGaP PhC devices after transfer on diamond. d. Laser scanning
profilometry data on transferred PhC devices showing good adhesion to the diamond substrate.

7.3 Characterization of BGaP

Before moving forward with fabrication of the novel PhC devices, we need to verify the optical
properties of the untested BGaP material. In order to characterize the intrinsic optical quality
of the BGaP, we design and fabricate disk-resonator devices in BGaP. Here, we borrow photonic

design and fabrication ideas detailed in chapter 3.

The intrinsic quality factor (Q;) of a nanophotonic disk resonator is related to the losses caused
by scattering, absorption and radiative process, and can be estimated from the resonance peak
full width half maximum (FWHM or A)). We realize an add-drop configuration with multiple

disks evanescently coupled to a pair of waveguides. The in and out coupling regions are symmetric
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(characterized by coupling quality factor @.). The waveguides terminate at free-space grating
couplers. The input and drop (output) gratings are placed along orthogonal orientations, thus the
input and output light are cross-polarized. The resonances of individual devices are identified by
using a supercontinuum laser (650 to 800 nm) for excitation and detecting the output at the drop
port with a grating spectrometer. The excitation is linearly polarized, and set to excite either
TE or TM resonator modes. Scattered excitation light was filtered out of the collection path via
polarization and spatial filtering.

In our system, A\ is linked to the loaded or total quality factor (Qy = A\/AM). In our add-drop
configuration, it is related to Q; and the coupling quality factor Q. by Qi = @; by 2Q- 1. As the
coupling is strength is increased, the light tends to leave the cavity sooner via the waveguide, thus
increasing the losses due to the coupling and decreasing (.. Depending on the dominating loss
processes, the coupling regime can be identified as undercoupled (Q; < Q.), critically coupled (Q;
=2Q. = 2Q) or overcoupled (@Q; > @Q.). In the deep undercoupled regime, @Q; is dominated by
Q;. In our fabricated devices, we vary ). by progressively increasing the waveguide disk coupling
distance from 100nm to 200nm in steps of 10nm. Thus, we sweep the entire parameter space
from overcoupled to undercoupled regime and expect to see the measured () as a function of the

coupling distance (d.) saturate at @; for large d_.

7.3.1 Photonic add-drop test chips

We fabricate and optically characterize three test chips, each with hundreds of disk resonator
devices. Each device array contains disks of varying sizes (2, 3 and 5pm diameter). We focus
our measurements on the 5pum disks because they are expected to exhibit the highest @Q; (the
radiative bending loss decreases with increasing disk diameter). Multiple disks are coupled to the
bus waveguides, the diameters (d) of the disks are varied by 10nm to make the individual disk

resonances distinguishable in the drop port spectra (free spectral range = \?/(7nd) ~ 12nm ).

1. Chip-1 BGaP-on-SizNy: The BGaP (222nm) is released from the Si substrate by XeFs
vapor-etch process and then wet-transferred to the SizNy substrate (Fig.7.4a). Here we choose
a SizgNy substrate because its refractive index is close to diamond (2.0 vs 2.4, respectively).

HSQ e-beam lithography and RIE etch, as described in section 7.2.1 defines the photonic
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structures (Fig.7.4b,c). The results from the TM-mode drop-port measurements (Fig.7.4d,e)
reveal that the average Q; for undercoupled disks is ~ 15k, with the maximum observed Q
of 24k. This is an order of magnitude lower than expected for GaP%:17% 171 Some nanometer
scale residue (perhaps from the wet-transfer process) can be observed both in optical and SEM
images near the devices. One can hypothesise that such residue could limit the observed Q.
To verify this claim, next we use a simplified/cleaner process to fabricate suspended disk

resonator structures with the BGaP-on-Si material.

. Chip-2 Suspended BGaP-on-Si: We begin with BGaP-on-Si samples and move directly to
HSQ e-beam lithography and RIE etching, as described in section 7.2.1 to define the photonic
structures. We clean the etched samples in hydrofluoric-acid (remove HSQ resist) and use
a vapor phase etch (XeF2) to undercut the disks and release them from the Si substrate
(Fig.7.5a,b). The grating orientation and geometry (optimized for TE mode) are different
because of the suspended architecture. Given that the disks are suspended (highest possible
index contrast), we expect to see Q; >100k. However, just as seen on the previous BGaP
chip, the results from the TE-mode drop-port measurements (Fig.7.5c,d) reveal the average
Q¢ for undercoupled disks to be & 15k, with the maximum observed @) of 24k. The results

suggest @) is limited by intrinsic loss within the BGaP.

. Chip-3 Fariba-GaP wet-transferred to SigIN4: For reference, we also make photonic
devices with the GaP-on-AlGaP material utilized in chapters 3, 5. The GaP (290 nm) is
lifted-off by wet etching the AlGaP and wet-transferred to 250 nm SigN4-on-Si substrate
(Fig.7.6a). We make identical devices to Chip-1 using the same exact fabrication process
(Fig.7.6b,c). The results from the TM-mode drop-port measurements (Fig.7.6d,e) reveal that
the average @ for critically coupled disks is spectrometer limited (Qy >33k).
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Figure 7.4: a. Optical image of HSQ electron-beam patterns on BGaP (green) wet-transferred on
SigN4/Si substrate. b. Optical cross-polarized image of the devices after the GaP RIE plasma etch.
c. SEM image of etched photonic disk resonator devices in the add-drop coupling configuration.
Each waveguide is coupled to a set of three disk resonators. d. Measured TM spectra of 5 pm
diameter disk resonators through the drop port as a function of the waveguide coupling distance (d.).
The spectra shown here corresponds to approximately four free-spectral range of the resonators (i.e.
four distinct groups of resonances). Few resonances are observed for the three most undercoupled
disks (d. = 200, 190, 180). e. The resonances are fitted to a Lorentzian and their quality factors
(Q) are estimated as a function of the coupling distance. The highest observed @ is ~ 24k and
below the spectrometer resolution limit (red line).
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Figure 7.5: a. Optical image of BGaP-on-Si suspended disk resonator devices. The yellow regions
are suspended. The 5 pm diameter disks are supported by a small (= 1 pm dia.) Si pedestal at the
center (grey). b. Angled SEM image of suspended devices in the add-drop coupling configuration.
FEach waveguide is coupled to a pair of disks. The undercut between BGaP and Si substrate is
~ 2nm. We suspect that the waveguides may be slightly bowed due internal stress within the
BGaP, leading to variation in resonator coupling across devices. c. Measured TE spectra of the
disk resonators through the drop port as a function of the waveguide coupling distance (d.). The
spectra corresponds to approximately four free-spectral range of the resonators. The increased
background in the spectra can be attributed to scatted light due to the co-polarized nature of the
input and output gratings (design limitation of suspended structures). d. The resonances are fitted
to a Lorentzian and their quality factors (Q) are estimated as a function of the coupling distance.
The highest observed @ is ~ 24k and below the spectrometer resolution limit (red line).
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Figure 7.6: a. Optical image of HSQ electron-beam patterns on Fariba-GaP (green) wet-transferred
to SigNy/Si substrate. b. Devices after the GaP RIE plasma etch. The blue and red square marks
two different photonic patterns. The red region is identical to the BGaP-on-SigNy chip (Fig.7.4). c.
Angled SEM image of etched photonic disk resonator devices in the blue region. d. Measured TM
spectra of 5 pm diameter disk resonators (in the red region) through the drop port as a function
of the waveguide coupling distance (d.). Resonances are observed for even the most undercoupled
disks (d. = 200). e. The resonances are fitted to a Lorentzian and their quality factors (@) are
estimated as a function of the coupling distance. The highest observed @ is spectrometer resolution
limited (red line).
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Figure 7.7: High resolution drop-port spectra obtained on the Fariba-GaP on SizN4 using a tunable
laser (760 to 785nm). Here 1V laser piezo-voltage corresponds to 8.33 GHz. For the 5 pm dia.
undercoupled disk resonator devices, we observe that most resonances are split, with a Lorentzian
fit (orange) giving @ ~300k.

7.8.2 Comparison of BGaP and Fariba GaP material

The spectrometer measurements for the three chips, suggests that the Fariba GaP-on-AlGaP mate-
rial has significantly lower intrinsic optical loss compared to the BGaP-on-Si material. To verify, we
perform high-resolution scanning laser spectroscopy on spectrometer-limited resonances of chip-3
(Fig.7.7). We measure average Q-factors >200k, with the max @ of ~ 310k at 760 nm.

Based on these measurements, we select the Fariba GaP-on-AlGaP material for the final PhC
device fabrication. However, it can be argued that we have not explored the absolute limits of the
BGaP material here because both the BGaP chips-(1,2) exhibited certain fabrication irregularities;
chip-1 had some residue near the devices area, chip-2 exhibited irregular coupling because of bowed
suspended waveguides (due to internal BGaP stress). Although the average and max Q-factor data

from chips 1 & 2 agree well, for conclusive proof of BGaP capabilities further studies are necessary.
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7.4 Pre-transfer PhC measurements

The PhC devices are characterized prior to stamp transfer to diamond. Each device consists
of a PhC cavity ending with a free-space grating coupler at either end. One grating is utilized
for excitation while the cavity transmission is measured at the other grating. The resonances of
individual devices are identified by using a supercontinuum laser (600 to 800 nm) for excitation and
detecting the output with a grating spectrometer. The excitation is linearly polarized, and set to
excite the TE resonator mode. Scattered excitation light was filtered out of the collection path via
spatial filtering. The PhC devices are sensitive to nm scale changes in the structure. Hence, we vary
the hole dimensions across the device arrays to compensate for fabrication variations. Additionally,
we sweep the number of mirror M € {2,14} and taper T' € {12,20} holes to gather information on
the coupling and @ scaling. Each array also consists of black waveguides to characterize the in/out

grating coupling efficiency.

7.4.1 Suspended BGaP PhC devices

First we look at suspended BGaP PhC devices (Fig.7.8a). The PhC beams are attached to a large
frame support structure. The frame is held in place by narrow pinch points. With careful e-beam
lithography calibration and fabrication process control, PhC hole dimensions within 5% of design
can be achieved (Fig.7.8b).

Initially we perform a survey of the chip measuring the transmission spectra (Fig.7.8c) with a
wide-range low-resolution grating (300g). We observe a pseudo-band gap for the PhCs extending
from 680 to 725nm. The pseudo-band gap refers to the fact that additional guided modes are
revealed within the band gap due to a change in the slope of the light-line because the substrate is
now air and not diamond (Fig.7.1c). Two resonance modes can be observed close to the edge of the
pseudo-band gap. We then zoom-in on the resonances (Fig.7.8d) using a high-resolution grating
(1800g). The resonances are close to the design wavelength (721 nm) and exhibit Q-factors ranging
from 2k to 8.5k across the chip. Because these PhC devices are suspended, the simulated Q-factors

are three orders of magnitude higher than shown in Fig.7.2c.
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Figure 7.8: a. Angled SEM of suspended BGaP PhC devices.
large frame structure. b. Zoomed-in angled SEM showing the PhC resonator.

The devices are supported by a
Inset, top-down

SEM view of the holes defining the PhC cavity. The hole dimensions are within 5nm of design.
c. Transmission spectra of a set of PhC resonators under TE supercontinuum excitation. The
bottom and top devices are blank waveguides (no holes). We can see a photonic band gap structure
between 680 to 725 nm. There are two resonator modes visible towards the edge of the band gap.
d. Higher resolution transmission spectra of the devices showing the first and second order PhC
resonances, with the estimated @-factor obtained by fitting to a Lorentzian.
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7.4.2  Fariba GaP-on-oxide PhC' devices

An identical PhC pattern is fabricated on GaP wet-transferred to SiOs substrate (Fig.7.9a-d). As
before, we perform a survey of the chip measuring the transmission spectra (Fig.7.9¢) with a wide-
range low-resolution grating (300g). No band gap is observed, but we find resonances near 770 nm
that exhibit a wide range of Q-factors from 1k to 10k across the chip (Fig.7.9f,g). Here we need
to note that the GaP thickness of 290 nm is much larger than the design specification of 222 nm.
Thus, the PhC resonances are strongly red-shifted. However the fact that Q-factors for devices on
an oxide substrate are similar to the previous suspended BGaP chip is very promising (reduced @
is expected from decreased index contrast and introduction of additional optical loss mechanisms

when PhC are in contact with substrate).

7.4.83 Tuning PhC devices by thinning GaP layer

To couple the Fariba-GaP devices to SiV™ emitters, the resonances need to be centered around
737nm. We can blue-shift the PhC resonances by iterative thinning of the GaP layer (Fig.7.10a).
The thinning process involves a short (<15s) blanket GaP RIE plasma etch. After each etch cycle,
the PhC transmission is measured to track the resonance blue-shift. We selectively tune one section
of the PhC array to match SiV~ (Fig.7.10b). Here we target 731 nm (Fig.7.10c) as stamp transfer
to higher index diamond substrate is expected to red-shift the resonances by ~7nm. In addition to
resonance shift, we observe that the cavity @ increase by a factor of five (Fig.7.10d). Many PhCs
exhibit Q-factors at the spectrometer limit (~30k). We suspect that the thinning process gradually
erodes the holes, increasing their diameters. This is supported by the observation of increasing
@ with decreasing resonance transmission intensity (Fig.7.10a) through the thinning cycles. It
appears that the PhC are likely changing their coupling regime from overcoupled to undercoupled.

Next, these promising devices are stamped on diamond substrate hosting SiV centers.
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Figure 7.9: a. Optical image of HSQ electron-beam patterns on GaP (green) wet-transferred on
Si0Oy/Si substrate. b. Devices after the GaP RIE plasma etch. c¢. SEM image of etched PhC
devices. d. High-magnification SEM image of the etched PhC holes. e. Transmission spectra
of a set of PhC resonators under TE supercontinuum excitation. f. Distribution of observed
PhC resonances across the chip. Because the GaP thickness is higher than design (290 nm), the
resonances are red shifted. g. Distribution of fitted Q-factors measured across the chip.
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Figure 7.10: a. The transmission spectra of one specific PhC resonator tracked through multiple
thinning etch cycles. The resonance is blue shifted as the GaP thickness is reduced. Additionally
the PhC holes are gradually eroded, likely changing the coupling regime from overcoupled to un-
dercoupled. b. Devices after the blanket GaP RIE plasma thinning etch. The resonances in the red
region of the chip are tuned to match SiV™ emission. c¢. Distribution of observed PhC resonances
within the red region. d. Distribution of fitted ()-factors measured within the red region.
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7.5 Stamp transferred PhCs coupled to SiV centers in diamond

Based on the pre-transfer PhC optical measurements, we select the Fariba GaP-on-oxide PhCs for
stamp transfer to diamond. We use a chemical vapor deposition diamond (Element Six, electronic
grade, N < 5ppb, B < 1ppb) implanted with Si accelerated to 26 keV (5e11/cm? dose, 7° angle)
and vacuum annealed at 1200 °C. During annealing, SiV centers are formed by vacancy diffusion
and recombination with the implanted silicon (concentration of silicon atoms incorporated during
diamond growth is negligible), yielding a thin layer of SiVs 20nm from the surface (= 10 SiV
centers per excitation spot). Because this SiV layer is sampled by the small mode volume of our
PhC devices, we expect to observe coupling to single SiV centers. Stamp transfer is performed by
the technique described in section-7.2.2. The stamping yield is low (5%) due to surprisingly strong
adhesion of the fabricated GaP devices to the oxide carrier substrate, i.e. few devices are picked-up
by the polymer stamp. In the future, we can mitigate this issue by suspending the GaP photonics

layer with a vapor-HF oxide-undercut etch.

7.5.1 Post-transfer PhC transmission measurements

Following the pre-transfer characterization, we first perform transmission measurements on the
transferred GaP-on-diamond PhCs. The resonances of individual devices are identified by using a
supercontinuum laser (600 to 800 nm) for excitation and detecting the output with a spectrometer.
For devices with both coupling gratings intact, the excitation and collection is performed at the
input and output gratings respectively. However, if the gratings are missing (lost during stamping),
we excite at the break in the waveguide or directly at the center of the cavity. Enough light can
be coupled into the structure even without gratings to allow detailed characterization of the cavity
resonances. We observe cavity resonances for all intact PhCs, with resonance wavelengths in the
range of 730 to 755 nm. Remarkably, many stamped devices show high-@Q resonances to within 20 %
of the design @ ~ 10k (Fig.7.11a).

7.5.2  PhC cavity coupling to SiV centers

Next, we perform room-temperature measurements to study SiV coupling to the stamped GaP

photonic devices. Here we excite with an off-resonant 532nm laser and collect SiV PL both at
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Figure 7.11: a. The room-temperature transmission spectra of one PhC resonator under supercon-
tinuum excitation compared to 532 nm excitation. We can see the high-@) SiV-coupled cavity mode
at 743nm. b. A SiV PL confocal image of a stamped PhC device under 532 nm excitation. The
SiV PL appears suppressed at the center of the cavity. c. A SiV PL confocal image of a stamped
blank waveguide device under 532 nm excitation. Here the collection is fixed at the output grating
coupler (red circle) while the excitation laser is scanned across the image. Significant SiV PL is
coupled into the waveguide and out through output coupler.

the excitation position and from the waveguide at the output grating. When exciting PhCs at the
cavity mode maxima, we see enhanced SiV PL emission within the cavity resonance (Fig.7.11a).
Further, when we perform confocal scanning across the PhC devices, we see what appears to be
suppressed SiV PL at the center of the cavity (Fig.7.11b). This could indicate that only the SiV
PL component resonant with the narrow cavity mode is enhanced (higher optical density of states),
while all other PL components are suppressed due to the PhC band gap (lower optical density
of states)'6*. To verify SiV-GaP photonic coupling, we can look at blank waveguide devices (no
PhC holes). Here, we spatially filter out the SiV PL collection from the output grating coupler,
while scanning the off-resonant excitation laser across the waveguide (Fig.7.11c). We observe that
a significant fraction of SiV PL is coupled into the waveguide and measured at the output coupler.
These results confirm that a good optical interface can be established between the diamond and

the stamped GaP photonic layer.
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7.6 Summary and outlook

In this chapter, we have shown that GaP PhC cavities can be fabricated on a separate carrier chip
and successfully integrated with a diamond SiV qubit host by stamp transfer. Before integration
the cavities can be characterized and tuned to the specific target resonance wavelength (737 nm
for SiV ZPL). This ensures that we maximize SiV-cavity coupling yield, while preserving the qubit
environment within the diamond. For the transferred GaP-on-diamond PhC cavities, we measure
quality factors close to the design target. The maximum SiV-coupled quality factor observed was
Q = 8.7k (target @ =10k). We see an enhancement of the SiV PL coupled to the cavity resonance,
laying the foundation for several follow-up experiments necessary to fully characterize the SiV-cavity

spin-photon interface:

1. The optical measurements detailed in this chapter are performed at room-temperature, where
the SiV ZPL is significantly temperature broadened (linewidth at 300 K is typically 3 THz or
about 5.5nm)3%. This allows us to easily identify SiV-cavity coupling, however, for quantum
information applications we have to operate at low temperature (< 10 K). And at low temper-
ature, the narrow SiV ZPL are revealed with their four-line fine-structure (linewidth at 10K
is typically <200 MHz)3®. Additionally, due to the GaP index dependence on temperature!”
the cavity resonances are expected to blue-shift by about 7.8 nm. Thus fine-tuning of the
cavity mode by gas deposition (as shown in chapter 3 with disk-resonators) will be necessary
for achieving coupling to the SiV ZPL transitions. This will also allow us to characterize the

coupled SiV Purcell-enhancement and estimate the SiV-cavity coupling strength.

2. Next, we need to carefully study the spectral properties of cavity coupled SiV centers by
resonant excitation spectroscopy (as demonstrated for NV centers in chapter 5). Given the
inherent immunity of the SiV centers to charge noise and the fact that we do not disturb the
SiV diamond environment, we expect to observe near lifetime-limited SiV linewidth (=100
MHz at 4 K)3%:%. Here, it is also important to demonstrate long-term stability of the coupled-

SiV ZPL transition energy.

A new commercially available boron doped GaP (BGaP-on-Si) material is considered for pho-

tonic device fabrication. Initial results with disk-resonator devices show more than an order of
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magnitude lower quality factors when compared to the Fariba-GaP (disk-resonator @ =15k for
BGaP vs @ ~300k for Fariba-GaP). Hence, we utilize the Fariba-GaP material for the stamped
GaP-on-diamond PhCs. However, we are working with the BGaP manufacturer to figure out the
factors limiting the optical quality of the material. Having a high-quality commercial source of
GaP material (300mm wafers) would be a great advantage for future scalable realizations of the

GaP-on-diamond photonics platform.
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Chapter 8

Progress towards on-chip entanglement circuits

<
_ 1) Coherent spin-photon interface
2 2) Efficient single-photon detectors
3) Passive photonic components
4) Photon frequency conversion

Figure 8.1: Illustration of a GaP-on-diamond photonic circuit for entanglement generation.

The goal of this thesis is to demonstrate that optically addressable defect qubits in diamond
can be utilized to build a scalable photonic architecture for quantum information applications. Ul-
timately, we envision a compact integrated GaP-on-diamond on-chip photonic entanglement gener-
ation circuit as illustrated above. In this chapter, we discuss our progress towards realization of the
different components of such a circuit and ideas for robust/flexible operation that we are currently

exploring.



98

8.1 (1)-Coherent spin-photon interface

The primary component of an integrated entanglement generation circuit is the coherent spin-
photon interface, wherein the electron spin-states of defect qubits in diamond are coupled to optical
modes in the photonic GaP layer. We devote the bulk of this thesis to fabricating and characterizing
different approaches to optical coupling of spins in diamond. Various geometries of photonic devices
such as disk-resonators (chapter 3), inverse-designed grating-like photon extractors (chapter 5) and
1-D photonic crystal cavities (chapter 7) are investigated in order to build a robust spin-photon
interface.

One of the main challenges we faced when performing the NV-photonic coupled experiments of
chapters 3 and 5 was the significant spectral instability of the implanted NV centers. To quantify
and mitigate the NV behaviour we performed extensive confocal and spectroscopic studies in chapter
4 and 6. A major ongoing effort in quantum information science is to develop a solid-state qubit
node with optical and spin transitions that are robust against sources of decoherence. SiV centers
in diamond have recently emerged as a promising qubit candidate due to their inherent optical
stability®®°7. In chapter 7, we create SiV centers by ion-implantation and demonstrate coupling
of the implanted SiV centers to stamp transferred 1-D GaP photonic crystal cavities. There are

several promising future directions we are pursuing following the results presented in this thesis.

8.1.1 On-chip Hong-Ou-Mandel experiment

To generate entanglement between distant optically addressable defect centers, the defect spins must
each be entangled with photons that are indistinguishable and thus capable of coherently interfering
on a beam splitter. When two identical photons, which are bosonic particles, enter a beam-splitter
simultaneously with one photon in each input port, they bunch together at either of the two
output ports. The corresponding disappearance of the coincidence count is the Hong-Ou-Mandel' "
(HOM) effect. The HOM measurement is a precursor for remote-entanglement based protocols and
the visibility of the HOM dip is a figure-of-merit for a viable quantum information platform. In

4 and

solid-state defect qubits, this effect has been demonstrated for deep grown-in NV centers!'”
implanted SiV centers in diamond®®. Successful HOM can demonstrated two things; (1) that a

single defect can produce identical photons (using delayed photons from a single defect center) and
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(2) that multiple defect centers can produce identical photons. As discussed previously, because of
the issues with charge state stability, spectral diffusion and spectral variation, it is a challenge to
demonstrate HOM with implanted device coupled NV centers. We hope to achieve this milestone
by refining our photonic integration process and exploring other defects such as SiV? centers in

diamond.

8.1.2 Diamond surface passivation techniques

For integration with photonic structures, defect centers have to be relatively close to the diamond
surface. In chapter 5 and 6, we have discussed the important role played by the surface on the
charge-state stability and coherence properties of near-surface NV centers. A careful investigation
of the diamond surface as a function of the surface termination needs to be performed to determine

1

mitigation strategies. Various approaches such as plasma exposure!’?, chemical treatment!®”, func-

176,177

tionalization with organic molecules and atomic-layer deposition'™ of thin films have been

explored in literature.

8.1.3 On-chip acousto-optic frequency shifters

For high-fidelity entanglement schemes, we require spectrally indistinguishable photons emitted
from defect qubits. Although defects such as SiV centers exhibit enhanced spectral stability, the
problem of spectral inhomogeneity remains. SiV centers are susceptible to local variations in the
strain environment, hence typically a broad distribution of optical transitions can be observed for
defects created by implantation. We can compensate for the spectral inhomogeneity by frequency

179,180

shifting emitted photons using integrated acousto-optic modulators (AOM). A similar scheme

has recently been demonstrated for distinguishable cavity-integrated SiV centers using commercial

electro-optic modulators'®!. Integrated nanophotonic AOM devices have been demonstrated with

182 183

material platforms such as lithium niobate™®® and aluminium nitride Alternatively, on-chip
frequency conversion schemes could be utilized to convert the distinguishable defect photon emission

to a common output frequency. This is discussed in section-8.4 below.
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8.2 (2)-Waveguide integrated on-chip superconducting single photon detectors

For photon-mediated quantum information processing with defect centers, high-efficiency on-chip
photon detection is very important. Waveguide-integrated superconducting single photon detectors
(SSPD) provide the highest possible performance with respect to dark-count rates (milli-Hz)!84,
visible light detection efficiencies (>80%)%, speed (>200MHz)'5  and total system efficiency
(detection is on-chip). The SSPD consists of a thin nanowire (~80nm wide) patterned from a

few nm thick (~8nm) niobium nitride (NbN) superconducting film deposited on top of the GaP

photonics layer (Fig. 8.2a).

The nanowire devices are operated below the superconducting critical temperature (<16 K)
and are biased close to but below their critical current (Ic, at I > Ic the superconducting nanowire
switches to normal ohmic behavior). The nanowire couples to the evanescent field of the waveguide.
When a photon is absorbed by the nanowire, it creates a resistive hotspot region. This hotspot
grows to encompass the entire cross-section of the nanowire, increasing resistance of the nanowire
and causing a measurable voltage pulse i.e. each voltage pulse is a single-photon detection event

(Fig. 8.2b).

Proof-of-concept device fabrication and testing was performed on the original GaP-on-AlGaP
substrate (i.e. not transferred to diamond). Prior to fabrication, the thin superconducting NbN
films exhibit a Tc ~13 to 16K and room temperature sheet resistance of 450-500 Qem™2. We
fabricated single wire detectors (36 devices) with the form-factor needed for waveguide integration
(Fig. 8.2¢, d). Characterization was performed under 637 nm normal incidence illumination. The
order-of-magnitude estimated intrinsic efficiency of these devices was ~10%. The low photon
detection efficiency and yield can be attributed to non-uniform etching of the NbN film and poor
surface quality of the underlying GaP. Maximum count rates of 18 MHz were obtained (Fig. 8.2e),
limited by the maximum data rate of ID-Quantique counting board. With a measured detector
dead time of ~5ns, we can estimate the max count rate of the detector to be about 200 MHz. Dark

count rates of less than <0.1 Hz were obtained (Fig. 8.2f) for bias currents I, <0.81..
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Figure 8.2: a. Illustration of the SSPD loop (teal) on the GaP waveguide (pink). The incident
photons are guided within the waveguide. b. Hotspot formation within the SSPD upon absorption
of the incident photon. Each hotspot event triggers a voltage pulse. c¢. Colorized SEM image
showing the NbN (blue) nanowire on GaP. d. A waveguide coupled SSPD device identifying the
AlGaP (grey), GaP (pink), NbN (blue) and gold contact (yellow) layers. e. The detector response
to normal attenuated laser excitation vs nanowire bias current for various nanowire widths. f.

The dark count rate vs nanowire bias current for various nanowire widths. Optical measurements
performed at 4.2K.
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8.3 (3)-Passive photonic components

In addition to a spin-photon interface (such as disk-resonator coupled NV centers) and detectors,
other passive photonic components such directional couplers and grating couplers (Fig. 8.3) are nec-
essary for on-chip entanglement generation. This is motivated not only by the potential for large
improvements in entanglement efficiency/fidelity, but also by the inherent scalability advantages of
integrated systems. Chip-scale transmission measurements of the passive components fabricated
using the GaP-on-diamond platform were realized to characterize and optimize the device yield
and performance of integrated passive optical components. While the primary goal here is to set a
benchmark for large-scale integration in the GaP-on-diamond material platform, the demonstrated
device performance suggests there are already areas where the platform should provide large ad-

vantages relative to free-space techniques.

() e U ©

,_,_‘_VjCoupled

NV Centers

Figure 8.3: Schematic views with overlaid FDTD simulations and SEM images of integrated devices.
a. Waveguide-coupled disk resonators, b. directional coupler, c. grating coupler (with schematic
view halved for clarity).

The work presented in this section 8.3 is published as:

Gould, M., Chakravarthi, S., Christen, I.R., Thomas, N., Dadgostar, S., Song, Y., Lee, M.L., Hatami, F. and
Fu, K.M.C., 2016. Large-scale GaP-on-diamond integrated photonics platform for NV center-based
quantum information. JOSA B, 33(3), pp.B35-B42. (©) 2016 Optica Publishing Group.

https://doi.org/10.1364/JOSAB.33.000B35
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The measured quality factors of the waveguide-coupled disk-resonators, along with relatively
strong output coupling, allows for total quantum efficiency into useful waveguide modes of around
33 %. Further, the combined yields and device performance of the demonstrated passive components
are sufficient to allow the integration of elements for a spin-entanglement protocol, with significant
total quantum efficiency advantages and reasonable yield. This represents a potential improvement
by a factor of more than 200 over what has been demonstrated with free-space optics. This work

was instrumental to the design, fabrication and characterization of devices presented in chapter 3.

8.4 (4)-GaP ring resonators for on-chip frequency conversion

Efficient frequency conversion of single photons from optically accessible qubits is essential for
enabling long-range remote-entanglement schemes utilizing fiber transmission'®” 1. Further, dis-
tinguishable defect photon emission can be converted to a single target frequency enabling photon-
interference based remote-entanglement. Photon mode shaping can also enable coupling of dissimi-
lar quantum memories. For these applications, absolute frequency control of one or more interacting
fields is required. Multi-resonant frequency conversion of photons to/from the telecom band has

been demonstrated in nanophotonic structures fabricated from non-linear materials such as gallium

193,194 195,196

phosphide (GaP) 6!, aluminum nitride'”?, lithium niobate and silicon nitride How-
ever, tight fabrication tolerances for such devices typically cause resonant wavelengths to differ
significantly from their designed values, presenting a challenge for practical device implementation.

We demonstrate post-fabrication target-wavelength trimming with a gallium phosphide on sil-
icon nitride integrated photonic platform using controlled electron-beam exposure of hydrogen-
silsesquioxane (HSQ) cladding. A linear relationship between the electron-beam exposure dose and

red-shift of ring-resonator mode enables deterministic, individual trimming of multiple devices on

the same chip to within 30 pm of a single target wavelength. This enables demonstration of sec-

The work presented in this section 8.4 is published as:

Thiel, L., Logan, A.D., Chakravarthi, S., Shree, S., Hestroffer, K., Hatami, F. and Fu, K.M.C., 2021. Precise
electron beam-based target-wavelength trimming for frequency conversion in integrated photonic res-
onators. Optics Express, 30(5), pp.6921-6933. (©) 2021 Optica Publishing Group.

https://doi.org/10.1364/OFE.446244
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ond harmonic generation from telecom to near-infrared at a specific target wavelength in multiple
devices with quality factors on the order of 10%.

Ultimately, a single-photon difference frequency generation (DFG) scheme will be required for
down-conversion of NV (637nm) and SiV (737nm) ZPL emission to the telecom-band (1550 nm).
This involves a single ring-resonator simultaneously supporting three different interacting modes;
(1) single-photons from defect qubits in visible-band, (2) pump source in near-infrared and (3)
target telecom output at 1550nm. For a realistic DFG scheme, we require independent tuning
capability for each individual ring-resonator mode. Temperature based mode shift®! can be one of
the tuning mechanisms. The HSQ exposure technique presented here provides an additional tuning
mechanism. We are currently working on implementing the DFG scheme with GaP-on-oxide ring-

resonator devices, initial results are very promising®?.
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Figure 8.4: a. SEM image of the fabricated GaP-on-SigN,4 resonator with accompanying grating
couplers. The device is excited with telecom band tunable laser (red) and the SHG signal is
measured out of the vis/NIR output grating (yellow). b. Simulated resonator E-field profiles of
the quasi-phase matched telecom and second-harmonic modes. ¢. Pre and post trimming optical
images of a device. The ring was exposed with a donut pattern. The waveguide and grating
structures were utilized for exposure alignment and thus were sometimes exposed. To reveal the
exposed HSQ pattern during the trimming process, the post-trimmed optical image was acquired
after developing the exposed HSQ in a 25% TMAH solution. Note that all optical characterizations
were performed before the development. d. Relationship between HSQ exposure dose and observed
wavelength shift of hybrid TEg; /TMgo resonances at the fundamental wavelength. e, f. A target
trim-test showing the fundamental wavelength resonances for nine devices with identically designed
resonator dimensions pre- and post-exposure, respectively.



106

8.5 Conclusion

The key elements for a single chip photonic entanglement generation architecture such as spin-
photon interfaces, single photon detectors, passive components and frequency-conversion utilizing
GaP photonic layer are demonstrated. Three different nanophotonic geometries for optical coupling
to NV and SiV defects in diamond are fabricated and characterized, with all three devices showing
significant enhancement of defect photon collection. Stability of the defect optical transitions and
homogeneity of the transition energy are critical requirements for photon-interference based quan-
tum entanglement. Hence, we perform extensive optical coherence studies of photonics coupled NV
centers, and determine the primary source of perturbation and implement mitigation mechanisms.
Further, SiV centers in diamond are considered as an alternative, with SiV-photonic integration
performed by stamp-transfer to prevent loss of optical coherence. Together, these results establish

GaP-on-diamond as a viable platform for scalable on-chip entanglement network generation.
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Appendix A
E-beam lithography

This is a compilation of my procedures, checklists, tips, tricks and gotchas. Consider this

an addendum to the official e-beam documentation: https://ebeam.wnf.uw.edu/ebeamweb/index.

html.

A.1 E-beam system overview

1. All features on the pattern must be on a grid (only polygons). No closed features are allowed.
The pattern should be prepared in GDS2 format (database grid size < 0.125nm; note that

this is equal to or smaller than the machine grid and much smaller than the actual exposure

grid).

-0 00000000000000000 +

Database grid = min spacing on pattern gds
Increasing Machine grid = min spacing on tool (stage DAC limit) for 5" lens mode = 0.125 nm
grid size Exposure grid

Fracturing grid
Isodose grid

ARF I o o

Usuallv database grid = machine grid = 0.125 nm


https://ebeam.wnf.uw.edu/ebeamweb/index.html
https://ebeam.wnf.uw.edu/ebeamweb/index.html
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2. The pattern to be exposed is approximated by a sequence of gaussian spots (also called shots).
The spot size is determined by the e-beam condition (lens mode and beam current). The
highest resolution (smallest spot size) can be obtained by using the 5th lens 500pA condition
file. However be aware that the smaller the spot size, the longer it will take to expose large
features. Although the beam diameter may typically be as small as 5nm (at the highest

resolution mode), the practical resolution is limited by electron back scatter.

When the e-beam is incident on the resist, as the primary electrons slow down, much of their
energy is dissipated in the form of secondary electrons with energies from 2 to 50 eV. They are
responsible for the bulk of the actual resist exposure process. The net result can be considered
to be an effective widening of the beam diameter by roughly 10 nm. This largely accounts

for the minimum practical resolution of 20 nm.

The e-beam is a gaussian spot. This is also called a ‘shot’. The size of the

4— .
beam and electron flux is dependent on lens mode and beam current.

5nm
The beam dwell at each shot determines the
‘dose’. The beam is blanked when moving

} from one location to another.
. The required dose (base dose) is determined
‘ by the resist polymer chemistry.
pattern Exposing the pattern

3. For a given pattern file (GDS), start by selecting an acceptable exposure grid (i.e. shot pitch).
Then select the beam current and lens mode that gives you a reasonable total exposure run

time (<3 hrs).

4. Always double check that the machine grid is a multiple of the GDS layout database grid size
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_

Exposing the pattern
grid = beam dia.

-
Shot pitch |

|
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Exposing the pattern
grid < beam dia.

A.2 Beamer pattern processing
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As we can see, this distorts the original
shape of the pattern.

To better approximate the pattern, the system can reduce
the dwell time and the exposure grid. The owverall dose
received is the same as above, but resolution is higher now.

Smaller shot pitch = better resist edge profile = smoother
sidewalls. Limited by min dwell time = 1/{50MHz).

Smallest possible shot pitch = machine grid = 0.125nm

Smaller shot pitch = longer to write!

This should be completed the day before the scheduled write slot.

Log into the e-beam pattern server (putty + tightvnc). Start beamer by opening a terminal

window ("Applications — system tools — XTerm’) and typing 'beamer&’.

A standard beamer flow is shown in Fig. A.l.a. The different steps are as follows:

1. In GDSII: Import the GDS2 pattern file.

2. Extract: Extract the relevant layers for processing.

3. Transform: Change the coordinate system so that (0,0) lies at the center of the pattern. This

is particularly important when aligning the write field to features on the sample (i.e. GaP

membrane). Anisotropic global pattern scaling is also available but not recommended.

4. Grid: Change the pattern database grid. Default database grid = 0.125 nm.

5. Heal: Fix any minor errors (remove overlaps, etc.) in the GDS pattern.
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Exposure grid = shot pitch * machine grid = shot pitch * 0.125nm

Higher base dose resist -» smaller shot pitch is possible

HSQ resist has the highest base dose (2500 uC/cm2)

On our tool with H5Q, at 500pA beam current
Min shot pitch = 5 (exposure grid = 0.625nm !)

AR TR ™S

Usually, we use 2000pA at shot pitch = 12 or lower

6. Fracture: Break the pattern into smaller rectangles. Each rectangle will receive a specific

electron dose (based on the steps below). Fracture grid is usually set to the exposure grid
(shot pitch x 0.125nm). Processing large pattern files can take a long time (few hours).
For patterns with lots of curved features (such as ring resonators), use curved + shot pitch
fracturing option. There are many options available here, and the results are highly dependent
on the input GDS. Good fracturing is critical, take the time to experiment and find the settings
that work for your GDS. For complex structures such as photonic crystals, bordering

sleeving is very useful.

PEC: Proximity error correction. This step applies varying electron beam dose to the frac-
tured structures based on the feature density and material stack. The 1/e scattering length of
100kV electrons in silicon is 26 pm, i.e. if two features on your chip are closer than 26 pm, the
actual exposure dose for those features needs to be lower than the resist base dose (account-
ing for exposure from e- scattering). Choose the correct PEC profile for your material stack
(for GaP-on-diamond go to 'global archive — 1no.7 diamond-200nm GaP’). Other parameters

under the advanced tab that are important:

i Accuracy: 0.2
ii Classes: 256 (number of different doses utilized)

iii Min dose: 0.5 (Dense features receive lower dose to account for over exposure by electron

scattering from adjacent features)
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iv. Max dose: 3.0 (Sparse features receive larger dose to account for under-exposure from

lack of scattered electrons)

v Do not enable short range correction !! If you enable short range correction, double
check the final doses (after PEC) very carefully. Beamer has a tendency to assign very

high doses to random pixels, this will distort your devices!

Check that the pattern is correctly processed by selecting view pattern in the PEC field
(Fig. A.1b). In the viewer click on ’view — color by — dose’ to display the different dose
classes. You can control the range of doses by going to 'properties — dose range’. The dose

data is contained in the ’.jdi’ file.

8. OutJeol52: This creates the .v30 binary file utilized by the e-beam tool. Important parameters

are as follows:

i Machine type: JBX-6300FS
ii EOS mode: 6 (100keV 5th lens mode)
iii Fracturing: Should be identical to the initial fracturing step.

iv Under the 'advanced’ tab: Field ordering (fixed, floating or manual). This parameter
decides how the pattern is split into write fields. For the 5th lens mode the write field is
62.5pm x 62.5pm. Floating is the best option for photonics patterns where we would
like to avoid field boundaries at critical devices (resonant cavities, grating couplers,
etc.). Here centering features to the field can be another useful option. Always verify

the processed pattern before committing to the write! See below.

v Feature sorting in field: This parameter decides how the order in which the features
within a field are scheduled to be written. ’Array compaction’ is the default and optimizes
the write time. 'Follow geometry’ can be useful for critical features like disk resonators,
the entire fractured circular resonator can be written in one continuous pass. 'Follow

geometry’ requires a flag to be set in the jdf file.

9. Verification: After the execution of the beamer flow is finished, right click on OutJeol52 and
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select 'view layout’. In the layout window check the following: (Always verify, never assume

things are going to turn out okay!)

i

ii

iii

Check the assigned exposure doses. Click on ’color by dose’ in the toolbar and then
normalize the color bar by going to 'properties—dose range’ then select ’get limits auto-
matically’. Verify that dense features get a lower dose, and isolated features get a higher
dose. Zoom into your critical features e.g. resonator waveguide coupling, and check
the uniformity of dose. There should be a smooth gradient, with no abrupt changes
in the dose. You can check the actual dose of every fractured polygon by selecting
‘properties—show dose annotations’ when zoomed in. Here dose 1.0 is your resist base

dose (set in the .jdf job file).

Check the shot shape and feature order (Fig. A.1c). To view the shot shape go to ’e-beam
— Show shots’. You need to manually configure the shot parameters for the display,
this is done by going to ’e-beam — shot-size settings’ and display the grid 'properties —
grid’ (this should have parameters for your exposure grid not database grid!).
The write order can be confirmed by clicking on the play button (*write representation’)

in the toolbar (a good simulation speed is 8x).

Finally, check that none of your critical features fall on the field boundaries. You can
view the individual write fields by going to the fourth viewer tab ’Cell selection’ and
selecting a specific field from the drop down list (here in addition to a specific field you
also need to select the last item which should have the same name as the output .v30

file). You can always set the field boundaries manually in OutJeol52.
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Figure A.1: a. Beamer flow. b. Fractured photonics pattern. c. Fully processed photonics pattern
showing the field boundaries and fractured shapes colored by dose. The dense features near the

center get a lower dose (blue), whereas the features near the edges get a higher dose (red).

Run the write parameters through the online e-beam runtime estimator. Schedule the e-beam

appropriately. For a high-resolution photonics write at <2nA beam current, the calculator output

should look something like this:

Exposure Time Estimate
Inputs:

EOS Mode:

Beam Current:

Shot Pitch:

Dose:

Area Per Die:

Fields Per Die:

Die Count in Job:
Field Shift/Overlap:
Global Align Time:

Die Align Time:

Load/Unload/Calibrate?:

Results:

Machine Grid:

5th Lens
2000 pA
14  pixels

2600 uC/cm”~2
440 um~2

2

1427

1

0 secs/wafer
0 secs/die

1

0.125 nm
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Exposure Grid:
Clock Rate:
Beam On Time:
Stage Move Time

Alignment Time:

Load/Unload/Calib Time:

Total Time:

1.75 nm
25.12 MHz
8,162 sec
1,427 sec
0 sec
1,200 sec
10,789 sec

136.0 min
23.8 min
0.0 min

20.0 min
179.8 min

2.3 hr
0.4 hr
0.0 hr
0.3 hr
3.0 hr
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A.3 Pre e-beam checklist

Check e-beam condition and write mode. At this point the design (.gds) should have been success-

fully run through Beamer software.

1. The samples need a 5nm SiOs adhesion layer. I prefer deposition by e-beam evaporation
(evap-1). If you have samples that are can be exposed to plasma (i.e. not diamond) PECVD-
2 can also be used. If required verify by contact angle test (SiOy surface has smaller contact

angle i.e. water does not form a bead, surface is hydrophilic).

2. Check HSQ pour date (ideally should be < 3 weeks old). Resist is usually stored in the e-beam
resist cabinet. If preparing a new batch of 6% AQM-dry HSQ, see Appendix.E.

3. Before processing samples (spin-coating), check the e-beam status.

i Password for ebeam system: ’Jeoleb’ (case-sensitive)

—e

i Put Calib window into operation mode [check the title bar to verify].

—-

iii Eosset double click to get parameters.

iv Check 5th lens mode; condition file (eos mode).

<

Set condition file. Always save then cancel.

vi After eos mode change wait ~ 1 hr. If within same lens mode; wait ~ 20 min is acceptable.
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A.4 Spin coating resist

Use spin-3 EBL to coat samples. Enable spin-3 in coral. The 6% HSQ vial is stored in the
refrigerator freezer in the wet processing chase. There will be older vials, only use the newest vial.
Double check the pour date, it should be < 2weeks old. If the vial is older, please immediately
notify Shane. Restocks can take up to a week, so keep track of the pour date and always be

proactive.

1. Set the Thermo-Fisher hotplate to 150 °C. Set the VWR hot plate to 80 °C. Wait for the
plate to reach set point. Place sample on plate for 4min on the Thermo-Fisher plate (at
150 °C) to dehydrate immediately prior to spin-coating. Use ceramic or metal tweezers only

on hot plate!

2. While waiting for dehydration bake, set the spin parameters on the spinner. Modify recipe-3
(do not change recipe-1 or recipe-2). Spin parameters are based on sample size and 6% HSQ

(for better uniformity and to minimize edge bead), see below:

i For large samples (> 10 mm square) :

1s ramp to 500 rpm, hold 1s
1s ramp to 6000 rpm hold 45s

3s ramp to Orpm

This gives 150 nm thick resist (measured with alphastep).

ii For small samples (< 10 mm square) :

1s ramp to 500 rpm, hold 1s
1s ramp to 7500 rpm hold 45s

3s ramp to Orpm

This gives 100 to 150 nm thick resist (measured with alphastep at the center). Note
that for small diamond samples (2mm X 2mm) the edge-bead will be significant (~ 50%

of sample surface, resist thickness measured at the center), this is okay!
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3. Use the appropriately sized sample chuck. The small chuck for diamond samples is stored in
the e-beam room. Clean chuck with acetone both before and after use. Do not get acetone

inside the chuck attachment point (o-ring can be damaged).

4. Remove dehydrated sample from the hot plate and let it cool before spinning. Blow with N2

just before placing on the chuck.

5. Use a small 1ml pipette (stored in a rack inside spin bay 1 or 2) to dispense a small amount
of HSQ on the sample. Be careful to not introduce any bubbles in the HSQ bottle or on the

sample and please do not waste resist!

6. Visually inspect the coated samples for uniformity. If ok, place on the VWR hotplate (at
80 °C) for 4min for the soft bake. If the HSQ does not cover the entire sample, clean with
the 25% TMAH, DI rinse and restart. When in doubt, do not hesitate to clean the sample

and retry!

7. Inspect the coat under optical microscope (Nikon).

Remember to save images! (even if everything looks good).

8. For non-conductive substrates (Diamond, GaP-on-diamond, Gap-on-AlGaP) charging is an
issue! Use 18% PSS solution diluted to 4.5% with added 1% tritonX surfactant as a water
soluble spacer layer. Follow the same spin-parameters and soft bake as mentioned above. This
will give ~1 pum layer. Then sputter 4 nm of Au-Pd (Quorum sputter coater, 1 min deposition
recipe). This will allow for charge dissipation. Note: PSS can become crosslinked during
ebeam exposure; this does not affect the write quality. It will lift off in DI (briefly sonicate

in DI prior to development if required).

Clean all work surfaces, clean spin coater with acetone (Do not use acetone on the lid). Turn

off the hot plates. Put unused resist back in the refrigerator. Disable spin-3 in coral.
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Figure A.2: a. Diamond sample with gallium phosphide membrane before spin-coating b. After
spin coating HSQ. The large edge bead is because of the small sample size. c. After spin coating
water soluble spacer.

A.5 E-beam operation

Sample mounting and loading

Mount sample to Si carrier using silver paste (can be found in the SEM bay). Use the 2” wafer
holders with slots. I prefer holder-W slot 2D (8 mm slot height). Do not use holder 2C, there is a
considerable z-offset that will smear <100 nm features. It is important to keep in mind that there
is no mechanism to compensate for the z-offset in the tool. The e-beam focus plane is fixed and
depth of field is small (<20pm). For writes where alignment is critical, consider using holder S
(trapezoidal slot 2H) which has an inbuilt micrometer sample rotation stage.

Use the pre-alignment microscope to get rough coordinates of the sample. This will be con-
verted to sample coordinates (use the online pre-alignment calculator to get stage coordinates for
a particular holder, then in the stage operation window convert to sample coordinates) and used
as the write offset in the .sdf file. There is no pre-alignment coordinate calculator for holder S, see
appendix A for details.

Small samples (such as a 2x2mm diamond) will require mounting on a silicon carrier chip. The
carrier chip has to be designed to exactly match (to within 10 pm) the sample height, use the drop
gauge to check the carrier height. See appendix B for details.
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Always use a backing Si wafer (there are spare wafers in the e-beam room). Be careful to never
touch the top surface of the holder!

Careful when loading sample. Follow the standard loading procedure. Don’t touch loading rod.
Change gloves immediately if you do get any vacuum grease on them.

Enable tool in Coral.
Manual calibration sequence
These notes are in addition to the standard operating sequence.

1. HEIMAP : double click; 5x5 points; check holder; pitch; and offset. All output numbers
should be <20 pm. Note: if the sample is mounted close to the edge of the holder, HEIMAP

will fail. If HEIMAP fails, unload and remount, do not force a write!

2. Drift : double click; update BE mark (acquisition of BE mark); execute; acquisition of last

execution position then save and cancel.

3. Current : single click [check the current].

4. InitBE : single click [ok if it finds mark; no useful info].

5. InitAE : double click; does not auto update. Needs manual execute; update; save; cancel.

i If it does not find mark [only bottom plane mark position used], go to setting and change

scan width to 8 pm.
ii Apply, Try again.

iii If it works put back old numbers (4 pm) and execute then update then save and cancel.

6. SFOCUS : single click; check if stig is close to zero. Also check beam size [should be in range
of 30 to 50 nm)]

7. Only if everything is nominal, run BATCH calib. If something fails contact Shane immediately

(call from the landline in the e-beam room).
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FExpose pattern

Transfer the e-beam job files (.v30, .jdi, .jdf and .sdf) to the e-beam exposure pc (use ebsend).
1. Compile your code schd 'XXX.sdf’.

2. Run array check: achk& and verify pattern. You can check the pattern by selecting a ’chip’

in the ’chip array diagram’ and going to 'view — show shot shape display’.

3. Switch to display mode. Open exposure window and start exposure process. Open ’Chip

Array Diagram’ to monitor the exposure process.

Additional notes:

e If using drift-correction on non-aligned write use mask write path [UWMWO9X]. This is useful

for long write sequences.

e STDCUR — only seen by the compiler. Max current during write is set 2% higher than

condition file for safety
e If height map fails, change the acceptance % to <10% and try again.

e Calculation of offset in .sdf file: Offset = measured value (sample coordinates) - GDS value.
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A.6 Post e-beam write

1. Unload the samples. Follow standard operating procedure.

2. Disable the tool in coral.

3. Unmount the sample from the Si carrier. Remove any silver paste from the backside by sliding

sample on a cleanroom wipe soaked with acetone. (Use the solvent hood in the litho bay.)

4. Soak the sample in DI for 4 min to lift-off the PSS + metallized layer. (If required a short
burst of sonication approx 1 min can be used.). N2 blow dry and inspect under Nikon. Ensure

that the surface if free of any debris.

5. Develop pattern in 25% TMAH for 4 min. Gentle agitation at the 2 min mark.

6. Rinse the sample under running DI for 10s. This is critical to prevent HSQ residue.

7. Move to the solvent bench while keeping the sample immersed in DI (do not let the sample

surface dry). Rinse in IPA to remove any HSQ solvent residue. Ng blow dry.

8. Inspect developed pattern under Nikon, and use the profilometer (DektakXT) to measure the
HSQ thickness. The thickness should be 150nm.

9. Inspect pattern under SEM.
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A.7 Sample position on stage

This procedure is holder and sample window agnostic:

Microscope coordinates — stage coordinates — substrate coordinates — sdf offset

1. Load the sample into the holder. I recommend loading the sample roughly centered on the

slot, this will make things easier.

. Mark the corner of your sample with tweezers. This is shown below as a green cross. This

will be your reference position (useful to confirm your position inside the tool and required
for aligning writes from multiple beam conditions). If you are aligning to a membrane, record

the position of the corners of the membrane.
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Put the holder on the pre-alignment microscope. Record the X, Y positions of the corners

and the reference mark. Load the holder into the ebeam chamber per SOP.

First perform a HEIMAP (use a rough initial sample offset of X=0; Y=1000 um) to verify
that the sample surface is within the e-beam focal plane. If measured z-offset is >20 pm,

unload the holder, remove the sample and try again.

Once HEIMAP is satisfactory, calculate the stage coordinates of one of the sample cor-
ners. Use the online calculator (https://ebeam.wnf.uw.edu/ebeamweb /ref/calculators/calc/
prealign.html) and select holder 0. Convert the microscope coordinates to the e-beam stage

reference.


https://ebeam.wnf.uw.edu/ebeamweb/ref/calculators/calc/prealign.html
https://ebeam.wnf.uw.edu/ebeamweb/ref/calculators/calc/prealign.html
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6. In the e-beam stage control window, select stage coordinates (7), substrate/slot# (8) [this is

2D, 2H, etc.] and move to one of the corners of the sample by using (10) and click "Movement’.

® @0

7. Switch to the SEM mode in the 'SSPVIDEQO’ window by going to ’Change — SEM’. Do not
use the BE SEM mode. You can change the scan width (i.e. window size) and integration
time in the ’Settings’ tab. Enable the SEM by selecting 'SEM start’. You can adjust the
brightness and the contrast under the ’Adjustment’ tab. Note that SEM will expose your
resist, be confident that you are away from the write area before enabling. Always disable

SEM before moving large distances on the sample!

8. With the SEM on, move in small steps (10 pm) to find the corner. The step size can be set

in the stage control window (11). The corner can be as far away as 500 pm, be patient.
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10.

11.

12.

The final pattern offset in the sdf job file has to be set in terms of the substrate coordinates.
To convert from stage to substrate coordinate system, go to the required stage position and
then in stage control window (7), select substrate coordinates. Convert all your reference
positions to the substrate coordinates before computing the offset. Never compute the offset
with the stage coordinate system, substrate coordinates (and hence the offset) are depended

on specific holder and sample window!

Once you have the corner, calculate the sample offset as [Measured coordinate on the tool -

microscope coordinate, both in substrate system].

Using the calculated offset, look for the reference mark. Record position of the reference mark

in substrate coordinates.

If aligning to a membrane, go to a membrane corner (with the calculated offset) and SEM
to confirm. If required, adjust the offset. Be very careful not to expose regions on your

membrane.
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Using a carrier chip

The carrier chip is designed to hold a small sample at the focal plane of the e-beam with minimal

drift.

. Start with a small piece of silicon (20x20 mm)

Place two supports as shown in (b). These supports need to be the same exact height as the
sample, you can confirm this with the drop gauge. Glue the supports in place with silver

paste (can be found in the SEM room).

Glue the sample to the carrier with silver paste.

. Use the silver paste very sparingly, it is extremely critical that we do not get any silver

particles in the e-beam system!. Just use enough to temporarily hold the parts in place.
Silver paste does not have a lot of mechanical strength, so the glued parts can come apart

easily.

Do not use carbon tape! It is highly porous and outgassing will cause massive sample drift

issues when loaded into the e-beam high-vac chamber.

The 2x2mm ppb diamond samples are approximately the same thickness as silicon wafers

(~500 pm).

The 2x2mm ppm diamond samples are typically 300 pm thick. We have a carrier that uses a

few discarded ppm samples as the supports.
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A.9 Advanced fracturing and exposure strategies

Below you can see the beamer flow for a suspended photonic crystal cavity chip. It is using two

strategies to get functional devices:

1. We want the hole structure within the photonic crystal cavity to not have any rough/sharp
edges during fracturing. Hence, the holes are extracted from the pattern by using a filter by
area function. Then a sleeve is created for the holes, a feature bias based on prior writes is
also incorporated to get accurate device dimensions. The sleeve is fractured independent of

the main layout with curved shot pitch fracturing ensuring smooth edges.

2. Since we use negative resist (HSQ, only the exposed resist remains), writing large area struc-
tures such as supports for the suspended cavities can be very expensive. Hence, the support
structures are created on a specific layer that can be extracted in the final step to be written

with the low-resolution 4th lens mode.

inGOSH |

Transform B

e l?m block iz for procezaing the holes

Extract (3} |

L 5 block is for device
bering

Filter (2) |

Extract (4) | Mapping (1) B

Bias (2 pl

MINUS (1) |

Bias() b

Merge (3)

((((((

Never awun PBC on wdividue Q&ﬁe"\d!

Extract (1) B] Extract (2) |

outjeoLs2 (1) B outjEOLS2 B|



127

Note that switching between lens modes causes a large beam offset ~ Ax=160; Ay=-140 pm.
Use the reference mark position to calculate the offset for every write (this will be slightly different
every time based on the tool condition and environment). Pattern registration to within 200 nm
can be achieved. If higher accuracy is desired, use predefined alignment marks (usually Au marks

on the sample) and SETWFR subroutine.

A.10 More resources

1. Jeol JBX-6300FS at University of Michigan
https://Inf-wiki.eecs.umich.edu/wiki/JEOL_JBX-6300FS_Electron_Beam_Lithography_

System

2. Jeol JBX-6300FS at Stanford
https://snsf.stanford.edu/facilities/fab /npc/jeol

3. Jeol JBX-6300FS at Cornell

https://www.cnfusers.cornell.edu/node/74

4. https://nano.yale.edu/manuals-documentation

5. More info on how to avoid charging effects:

http://apps.mnc.umn.edu/archive/ebpgwiki/Charging.html


https://lnf-wiki.eecs.umich.edu/wiki/JEOL_JBX-6300FS_Electron_Beam_Lithography_System
https://lnf-wiki.eecs.umich.edu/wiki/JEOL_JBX-6300FS_Electron_Beam_Lithography_System
https://snsf.stanford.edu/facilities/fab/npc/jeol
https://www.cnfusers.cornell.edu/node/74
https://nano.yale.edu/manuals-documentation
http://apps.mnc.umn.edu/archive/ebpgwiki/Charging.html
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Appendix B

BGaP-on-Silicon device tabrication

The BGaP-on-Si material is commercially available in 300mm wafers from NAsP-III/V GmbH.
The material consists of a boron doped gallium phosphide (BGaP) layer (2.8% boron content)
epitaxially grown on a 40 nm thick undoped gallium phosphide (GaP) template layer on a 750pm
thick silicon substrate. The boron doping is necessary to compensate for the small lattice mismatch
between GaP and silicon (5.45 A vs 5.43 A respectively) 7199, The large 300mm wafer was diced

into lcm square chips prior to device fabrication.
B.1 Material preparation

1. The 1cm square BGaP chips are covered in Az-1512 positive photoresist for long-term storage.

The first step is removal of this protective photoresist film.
2. Soak the resist covered sample in acteone for 10 min.

3. Rinse with IPA and DI water. Check the sample under optical microscope to verify removal
of all photoresist. In some cases, if the photoresist is old or crosslinked it can become very
hard to remove. EKC resist strip (at 80 °C) followed by a DI water rinse can be used for

stubborn resist removal.

4. If any resist residue is observed, the sample can be cleaned in oxygen plasma (Barrel etch,

125W for 10 min).
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Store the clean sample in a polypropylene 1” dia. sample holder. Do not use gel-pak as it

can lead to residue.

Pattering with e-beam

. Clean the sample by sonicating in either DI or IPA for 10 min. This should remove any

macroscopic debris that could leave streaks during spin coating.

Follow the instructions for HSQ spin coat and e-beam exposure detailed in Appendix.A.

Since HSQ is a negative tone resist, the pattern files for suspended devices are usually
distributed into two successive e-beam writes: the first write at high resolution (typically
InA_A3_M6) for critical features and the second write at low resolution (8nA_A7_-M3) for
support structures. To maintain good alignment between the two writes, measure the refer-
ence mark position immediately after the first write. Take care to not disturb the cassette
in the e-beam tool between writes. After switching to the second beam condition, include
pattern offsets between e-beam condition files for rough reference mark position and measure
the reference mark again. Use the measured offset in your pattern placement coordinate cal-
culations. Typically pattern registration precision of <0.5pm can be achieved with a single

reference mark.

BGaP photonics etch and device release

. The HSQ e-beam patterns are transferred to BGaP by plasma ICP-RIE etching. Follow the

instructions for GaP photonics etch in Appendix.D.1. For 220 nm thick BGaP, four etch
cycles (total plasma duration of 2 min) should be sufficient to punch through to the silicon
substrate. SEM the etched pattern to verify the etch depth and faithful pattern transfer

before proceeding.

Remove the HSQ resist by dipping the chip in 0.5%HF solution for 4 min. Rinse in DI and
N2 dI‘y.
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A clean silicon carrier wafer is required for the XeF5 silicon vapor etch process. Remove the

native oxide from the carrier wafer with a 0.5%HF dip. Rinse in DI and Ny dry.

Dehydrate both the sample and the carrier wafer by placing on a hotplate at 150 °C for 10
min. This step is critical to the prevention of SiF, residue formation during the vapor etch

process. The SiF, residue can only be removed by a HF solution.

The vapor etch is performed in a ’SPTS-e2’ tabletop etcher. Place the sample (without the
carrier) in the tool for the release etch. Use the recipe "Fulab_bgap_release’. For a given XeFs
input gas volume, the silicon etch rate is proportional to the volume of exposed silicon. The
first release step involves few cycles of rapid etching to release the freestanding photonics
structures. However, residual silicon gossamer can typically be observed along the bottom
surface of the free standing BGaP layer. It is likely the etch rate underneath structures is

mass-transport /diffusion limited.

Remove the sample from the process chamber and verify with an optical microscope. Released
regions of BGaP show up as lighter regions under bright-field microscopy. If required run

additional cycles to clear all free standing structures. Take care to not over-etch.

Next, to obtain a clean bottom BGaP surface, the sample has to be exposed to many etch
cycles. This requires reduction of XeFs etch rate to prevent collapse of free standing structure
by silicon over-etching. For the the cleanup step, place the sample on the silicon carrier wafer
and load the chamber. Use the recipe 'Fulab_bgap_cleanup’. The exposed silicon carrier
consumes the majority of XeFy vapor in the chamber reducing the etch rate to few tens of

nm per cycle.

Unload the sample and verify the undercut with angled SEM imaging.
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Parameter Release Cleanup
XeFy (mT) 1 3
No (mT) 5 5
Cycle duration (s) 120 120
No. of cycles 4 20
Total duration (min) 15 45

Table B.1: Silicon vapor etch parameters release of freestanding BGaP structures. Please keep in
mind that the silicon undercut rate for a given recipe is highly dependent on sample geometry.
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Figure B.1: a) Angled SEM image of an array of suspended BGaP photonic devices after the XeF,
release step. The silicon substrate has been undercut releasing the photonic devices, however upon
closer inspection, we can see silicon gossamer like material underneath the freestanding beams. b)
A zoomed in SEM of the red box in (a). This gossamer material can be removed by the XeFs
cleanup step. c¢) SiF, residue on the BGaP after the vapor etch process. d) Optical bright field
image of a successfully released BGaP structure. The freestanding BGaP is yellow and BGaP still
bonded to the silicon substrate is purple. This variation in BGaP color can be utilized to determine
the etch endpoint.



133

Appendix C

Fariba-GaP wet transfer and device fabrication

C.1

Material preparation

The GaP-on-AlGaP( 80% Al) is epitaxially grown on a GaP substrate. GaP is very fragile and

shatters readily, take care when handling the sample.

Cc.2

. The GaP-on-AlGaP samples are covered in AZ-1512 positive photoresist for long-term storage.

The first step is removal of this protective photoresist film.

. Soak the resist covered sample in acteone for 10 min.

Rinse with IPA and DI water. Check the sample under optical microscope to verify removal
of all photoresist. In some cases, if the photoresist is old or crosslinked it can become very
hard to remove. EKC resist strip (at 80 °C) followed by a DI water rinse can be used for

stubborn resist removal.

If any resist residue is observed, the sample can be cleaned in oxygen plasma (Barrel etch,

125W for 10 min).

Store the clean sample in a polypropylene 17 dia. sample holder. Do not use gel-pak as it

can lead to residue.

Patterning membranes

. Clean the sample by sonicating in either DI or IPA for 10 min. This should remove any

macroscopic debris that could leave streaks during spin coating.
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2. Dehydrate the sample by baking on hotplate at 110 °C for 5 min.

3. Spin coat AZ-1512 resist
(2s ramp to 500 rpm and hold for 5s; 3s ramp to 5500 rpm and hold for 40s).

4. Softbake on hotplate 1min 110 °C for 60s.

5. Use membrane mask and ABM aligner to expose the resist. Align the corners of the chip
in the big liftoff vias and adjust angle to maximize number of membranes. For devices that
require precise alignment to crystal axis (i.e. second-harmonic generation) remember to align
the membrane mask pattern to the edge of the cleaved sample. The cleave edge is typically
(100). Do not use contact vacuum. Instead, chip is close enough to mask when mask moves
out of focus as chip is raised. Si backing wafer under the GaP chip is essential. Expose for

4s.

6. Develop in 1:4 AZ340:DI (60s). Rinse with DI and blow dry.

7. Inspect under microscope. Measure the resist thickness with a profilometer (DektakXT).

Typical thickness is 1pm.

8. Cleave the sample into individual pieces of membrane patterns. Each membrane is 1.5mm x

1.5mm, with etch vias spaced 0.2mm apart.

9. The membrane patterns are transferred to GaP by plasma ICP-RIE etching. Follow the
instructions for GaP photonics etch in Appendix.D.1. For 220 nm thick GaP, four etch cycles

(total plasma duration of 2 min) should be sufficient to punch through to the AlGaP substrate.

10. Measure the etch depth with a profilometer (DektakXT).
C.3 DMembrane transfer

The GaP membranes are released from the AlGaP substrate and transferred to another substrate

suitable for photonics (diamond, SiO, SigNy).
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C.3.1 Membrane release

1. Place the membrane face-up in 1.5% HF to etch the AlGaP and release the GaP membrane.

2. Release typically takes 1 hour (for AlGaP with 80% Al content). When the membrane is
close to release, you can observe the GaP shimmer due to thin film interference. At this point
grab the sample by the edge (without disturbing the membrane) with an acid safe tweezers
and gently lift it to the liquid surface and re-submerge (dunk it) back in. The liquid flow
should release the membrane with the hydrophobic resist and surface tension acting to neatly
suspend the released membrane face-up at the liquid surface. If the membrane is released
while inside the liquid, there is a risk of membrane curling up due to residual film stress from

the growth process.

3. Allow membrane to float at surface of HF solution for 5 min to remove any remaining AlGaP.

4. Use the PTFE bucket tool to capture membrane with a small amount of HF solution, and

transfer to a DI container.

5. Rinse the membrane again by using the PTFE bucket to transfer to a new DI container.

C.3.2 Substrate preparation

1. Clean the sample by sonicating in either DI or IPA for 10 min. This should remove any

macroscopic debris that could leave streaks during spin coating.

2. For non-diamond substrates, perform a oxygen plasma clean (Barrel etch, 125W for 10 min).

3. If using a diamond substrate, do not perform the oxygen plasma clean. Instead perform a

fuming sulphuric acid clean (96% H2SO4 + KNO3 at 225 °C for 30 min).

4. Deposit a HMDS-mono layer on the clean substrate using the automated oven. This improves

membrane adhesion.
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C.3.3 Membrane transfer

1.

C.4

Clamp the substrate into the bottom of the aluminium bucket tool. Dip it in DI and ensure
that it has no air trapped in the drainage channels. There should be no air bubbles in the

bucket when immersed.

. Use the bucket to capture membrane from DI container and carefully drain as much water

from tool by removing it from DI dish.

Use cleanroom wipes to slowly wick away remaining water and remove substrate chip from

bucket tool.

Place the substrate with the transferred membrane under microscope with the lowest illumina-
tion power to dry the membrane ( 5 min). It is critical to use the lowest illumination possible
to avoid bubble formation. Typically, you can see the liquid dissipate from the membrane

substrate interface.

Let the sample dry on a hotplate at 80 °C overnight. Cover with a clean glass container and

leave a note so it is not disturbed.

GaP photonics process

. Remove AZ1512 resist from GaP. An EKC resist strip (at 80 °C) followed by a DI water dip

can be used for resist removal. Use a small dish of EKC (not the communal tub in the solvent
bench). If the membranes are not well bonded to the substrate, they can detach from the

substrate. Be very gentle, take extra care to avoid agitating the sample during processing.

. Let the sample dry on a hotplate at 80 °C overnight. Cover with a clean glass container and

leave a note so it is not disturbed.

Any resist residue on the sample can be cleaned in oxygen plasma (Barrel etch, 125W for 10

min).

Follow the instructions for HSQ spin coat and e-beam exposure detailed in Appendix.A.
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5. The HSQ e-beam patterns are transferred to GaP by plasma ICP-RIE etching. Follow the
instructions for GaP photonics etch in Appendix.D.1. For 220 nm thick GaP, four etch cycles

(total plasma duration of 2 min) should be sufficient to punch through to the substrate.

6. SEM the etched pattern to verify the etch depth and the transferred pattern.
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Appendix D

Reactive-ion-etching plasma processing

We utilize an Oxford Plasmalab-100/ICP-180 etcher for all plasma processing. It provides highly
anisotropic Inductively Coupled Plasma (ICP) etching using chlorine-based etch chemistries for
etching silicon, ITI-V semiconductors, aluminum and chrome. The following process gases available

on the tool: BC13, CI2, H2, N2, O2, CH4, SF6, and Ar.
D.1 GaP photonics etch

The GaP etch relies on N2/ClI2/Ar gas mixture to produce smooth vertical sidewalls by deposition
of a passivating layer during the etch process. Be aware that the etch rate is dependent on the
geometry of the devices. Small holes can have reduced etch rates and hence require longer etch
duration to punch through. Additionally, the correct DC bias is critical for achieving vertical
sidewall profile. The GaP plasma etch involves a careful balance of deposition (passivation) vs
sputtering (etching). A low DC bias can result in a positive taper (top is smaller than bottom,
passivation dominates). On the other hand, a high DC bias can result in a negative taper (the top
is slightly larger than bottom, RF sputtering is dominating). Always perform a test etch of your
device pattern on bare GaP test samples before committing.

For high-Q photonic devices, the sidewall roughness has to be kept to the minimum. Hence, the

recipe operates at the lowest chamber pressure (3 mT) supported by the tool.
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Pre-etch procedure

Check coral, ensure everything is in order (tool status, gas-availability, etc.). Enable the tool in

coral.

1.

Verify that the ICP-CI chiller is set to 16 C.

Check the base pressure of the chamber (on the pumping screen). Note this down for reference.

It should be <le-5mbar.

Check that ICP-CI gas line is set to Oz. If not, then follow tool SOP to pump out line and

set to Os.

. Go through the initial steps in the SOP.

Start a 1 hr BClz chamber clean on a clean Si wafer. Note down the color of plasma (it
should be bright white). This is critical to performance of the GaP etch. Always run the
BCI3 clean just before processing your samples (and after switch to N2 gas). Any residual
oxygen in the chamber will destabilize the GaP etch plasma. BCls will scavenge all available
oxygen (within the process chamber and adsorbed on the chamber walls). This is followed
by a CI2 chamber conditioning for 15 min. Both steps can be performed with a single recipe

"MM-conditioning-BCl3/Cls-60/15".

If the Si wafer comes out clean (no macroscopic debris) then load a pristine Si wafer
into the chamber and start the actual recipe ’Fulab GaP etch loop2’. Note down the
plasma color and DC-bias. Run the recipe for 15 mins as chamber conditioning. The bias

should be 235V during the etch, if not adjust the RF setpoint (typically 41W) and repeat.

D.1.2 Sample etch

1.

The samples are attached to the carrier wafer (Si) with a tiny droplet of fomblin PFPE oil.
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Parameter Value

RF power (W) 41

ICP power (W) 60

DC bias (V) 235
Chamber Pressure (mTorr) 3
Ar flow (sccm) 6

Clp flow (sccm) 1

N flow (sccm) 1
Chuck temperature (°C) 16
Total duration (min) 2

Table D.1: Plasma processing parameters for photonics GaP etch

2. Run the samples. The etch rate is typically 100nm/min. Each etch cycle is 30s long. Adjust
number of cycles based on GaP layer thickness and device geometry. It is usually a good ideal

to slightly over-etch devices. Recipe selectivity to HSQ (SiO2) is high (;1:100).

3. Unload sample. Load dummy Si wafer. Start 30 min Cls chamber clean.

D.2 Diamond implantation etch

The samples are sandwiched between two sapphire slides held in place with a drop of Crystalbond-
509 (applied as a solution in acetone) on a 100 mm sapphire carrier wafer. Take care to not have
any crystalbond exposed to the plasma. The total etch duration is broken up into multiple etch
cycles involving 5 min of plasma processing followed by a 3 min no plasma cooldown phase. This
ensures the diamond sample is maintained near the processing temperature. The samples remain

in the etcher through the entire two step process. Detailed processing notes below:

D.2.1 Before plasma etch

Before enabling the ICP-CI tool in coral:
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1. Start the fuming sulphuric diamond clean in hood-2 (wet bench area).

2. Set the ICP-CI chiller to 10 C.

D.2.2  Pre-etch procedure

Check coral, ensure everything is in order (tool status, gas-availability, etc.). Enable the tool in

coral.

1. Check the base pressure of the chamber (on the pumping screen). Note this down for reference.

It should be <le-5mbar.

2. Check that ICP-CI gas line is set to Oo. If not, then follow tool SOP to pump out line and

set to Os.

3. Go through the initial steps in the SOP.

4. Start a 30 min Cly chamber clean on a clean Si wafer. Note down the color of plasma (it

should be light blue).

5. If the Si wafer comes out clean (no macroscopic debris) then load a pristine Si wafer
into the chamber and start the actual recipe 'FuLab diamond etch combo loop’ with 1-step
each for Ar/Cl and O2 loops. Note down the plasma color and DC-bias. This should
take ~17 min. [Meanwhile, add KNO3 to the diamond clean].

6. N2-blow the sapphire carrier and load into tool. Run the same 1-step process as above. Note
down the plasma color. If the plasma does not strike in any of the steps, repeat this step

(and recipe) again until it does.

D.2.8 Sample etch

1. Remove sample from acid and drop it into a DI water container. Close the container and

clean up the acid bench.
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Parameter Ar/Cly O2

RF power (W) 240 50

ICP power (W) 320 1500

DC bias (V) 530 150
Chamber Pressure (mTorr) 9 25
Ar flow (sccm) 32 0
Cly flow (sccm) 20 0

O3 flow (sccm) 0 20
Chuck temperature (°C) 15 15
Total duration (min) 45 20

Table D.2: Plasma processing parameters for pre-implantation etch of all diamond samples.

2. In the solvent hood (lithography area), prepare a container of IPA. Transfer the sample to
IPA, gently agitate and the remove and N2 blow dry. Store sample in clean gel-pack (careful

not to apply pressure on sample, else it will stick to the gel and rip it out).

3. Load the diamond sample onto the carrier and start the etch recipe. The estimated runtime

is 1hr 45min. Actual runtime is 2hr 15min (accounting for pumpdown time). Note down

the plasma color, He flow rate, chamber pressure.

4. Wait for process to finish.

5. Unload sample. Load dummy Si wafer. Reset chiller to 18 C. Start 30 min Cly chamber clean.

[Also check the SOP for any additional conditioning required after Og etch.]

D.3 Diamond photonics etch

D.3.1 Pre-etch procedure

Check coral, ensure everything is in order (tool status, gas-availability, etc.).

coral.

Enable the tool in



143

. Set the ICP-CI chiller to 10 C.

Check the base pressure of the chamber (on the pumping screen). Note this down for reference.

It should be <le-5mbar.

Check that ICP-CI gas line is set to O2. If not, then follow tool SOP to pump out line and

set to Os.

. Go through the initial steps in the SOP.

Start a 30 min Cly chamber clean on a clean Si wafer. Note down the color of plasma (it

should be light blue).

If the Si wafer comes out clean (no macroscopic debris) then load a pristine Si wafer
into the chamber and start the actual recipe 'NT-Diamond-Etch’. Note down the plasma

color and DC-bias. The bias should be 65V during the etch.

D.3.2 Sample etch

1.

The diamond samples are attached to the carrier wafer (SiNx) with a tiny droplet of fomblin

PFPE oil.

. Run the samples using original recipe time.

Unload sample. Load dummy Si wafer. Reset chiller to 18 C. Start 30 min Cly chamber clean.

[Also check the SOP for any additional conditioning required after O2 etch.]
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Figure D.1: a) Top down SEM view of a HSQ test pattern on GaP after plasma RIE-ICP etching
with optimized parameters detailed in table.C1. The test pattern consists of arrays of ridges (1:1,
1:2 and 1:4 duty cycle) and dots (1:1 duty cycle) with feature dimensions of 62.5nm, 125nm and
250nm. b) SEM zoom-in of the 62.5nm dots, showing the etched region between has cleared.
c)Angled SEM view of the 62.5nm dots (pattern transferred as cylindrical pillars) showing vertical
sidewalls with high aspect-ratio.
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Appendix E
AQM-HSQ processing

Applied Quantum Materials (AQM) HSQ is an alternative to Dow-Corning XR-1541 (Fox-
16) HSQ e-beam negative resist. It is commercially available in dry-powder form (1 gram vials,
www.aqmaterials.com) and has a long shelf life when stored in a sealed environment (i.e. vacuum
jar). AQM-HSQ can be dissolved in MIBK (Methyl Iso Butyl Ketone) solvent at the required ratio

to match the capabilities of Fox-16. The details of the process are provided below.

E.1 Preparing 6% solution of AQM-HSQ
This is equivalent to 6% XR-1541 (Dow-Corning)

1. Rinsed an empty poly-bottle with IPA, dry with No.

2. Rinse and dry (on hot plate) a beaker for mixing.

3. Measure 0.25 grams of AQM-dry HSQ into a dry beaker.
4. Added 5 ml of MIBK via a clean transfer syringe.

5. Mix by gentle agitation till there are no observable particulates (~ 5min) [avoid bubble

formation).

6. Filter out the solution into the clean poly-bottle with a 0.2 pm membrane filter on a leur-lock

syringe.


www.aqmaterials.com

146

7. Store at 5C, and equilibrate to room temp before use.

E.2 Patterning with AQM-HSQ

Follow the same spin and bake procedure as XR-1541. The exposure dose for AQM-HSQ has
been observed to be slightly higher than XR-1541. Please perform a dose test pattern exposure

(consisting of 50 nm wide (100 nm pitch) 1:1 duty cycle lines) before committing to final devices.

A B0 AT S

B S LR

5.0kV _ X160,000

Figure E.1: a) SEM images of dose test patterns for AQM-HSQ written on a silicon substrate. Spin
speed 6k rpm for 45s produced a resist layer 150 nm thick. Per standard HSQ procedure, the resist
was baked at 80C for 4 min. After exposure the resist was developed in 25% TMAH for 4 min. a)
Dose of 1900 1C/cm?, underexposed lines (37.5 nm). b)Dose of 2300 1C/cm?, underexposed lines
(41.8 nm). c)Dose of 2700 1C/cm?, accurate exposure (50 nm). Features match design. d) Dose of
2700 1C/cm?, accurately exposed array of dots (50nm dia. 100nm pitch).
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Appendix F

Annealing diamond samples

We use an old Lindberg tube furnace refitted with digital PID temperature control (Fig.F.1) for
annealing diamond samples. The temperature sensor and heater coil are connected to an arduino
micro-controller. The temperature control is achieved by comparing the set-point to measured
temperature and modifying the duty cycle of the heater current input (MOSFET pulse-width-
modulation) to match the set-point. The arduino is connected to a MATLAB GUI script (serial
communication by USB) allowing programmed temperature ramps. Note that once the anneal start
command has been issued to the arduino, it can operate independent of the MATLAB GUI (i.e.
anneal proceeds even if the anneal-PC is turned off). The anneal can be aborted by issuing an
abort command through the GUI or unplugging/resetting the arduino. The furnace and control
software has been calibrated to 1200° C using an external temperature sensor placed inside the
annealing tube. The temperature sensor is designed for high-temperature operation and is not
accurate below 200° C. After completion of the anneal, the pressure/temperature plots and raw

serial communication logs are saved in the anneal directory.
F.1 Sample preparation

1. First, we remove any macroscopic debris from the diamond sample. Wipe the diamond surface
with a swab soaked in IPA. If the surface still looks visibly dirty, sonicate the sample in IPA

for 10 min.

2. Now prepare a small beaker of sulphuric acid in the fume hood. Place the sample face-up in

the beaker. Heat the sulphuric acid to 225° C. When it begins fuming, add KNOs3. Let the
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sample soak in fuming acid for ~1 hour.

3. Turn off the heat and allow the beaker of acid to cool down to ambient. Then remove the
sample and rinse in two separate beakers of DI water and Ny blow dry. Check the sample

surface under the microscope.

F.2 Vacuum high temperature annealing

=
Quartz tube

(stable to,1200 C)

Figure F.1: The vacuum annealing setup consisting of a turbo pump directly connected to a single
ended quartz tube (via KF-25 vacuum fitting). The quartz tube sits inside a tube furnace that is
controlled by a computer interface.

1. Place the samples in the alumina boat face-down. We have observed that during long high
temperature anneals (>1000°C; >24hrs), a depletion region is formed near the exposed
surface where no NV centers can be detected. We suspect this may be hydrogen diffusion and

complexing with our defect centers. Hence, the implanted samples are placed face-down.

2. Carefully slide the boat into the quartz tube. Ensure that the sample is positioned right

above the temperature sensor (Fig.F.2). Close and latch the furnace shut.
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Figure F.2: Inside the tube furnace. The temperature is controlled externally (the control knob
on the front panel is disconnected) by a PID algorithm. When placing the quartz tube inside the
furnace, ensure the tube is supported at the ends (purple boxes) with quartz wool. The wool serves
as insulation and dampens vibrations from the turbopump.

3. Connect the turbopump to the quartz tube with the KF-25 fitting (wipe all sealing surfaces
with a kimwipe). Start the turbopump. The pump pressure readout should quickly go down
to le-bmbar. If the pressure remains high, then there is a leak. Undo the vacuum seal and

repeat the process.

4. Allow the turbo to pump on the tube overnight. Depending on the sample and tube condition,

the pumpdown time can be longer (up to two days).

5. When the pressure has reached 5e-8 mbar. You can start annealing. All recipes are saved on

the anneal-PC. Keep the temperature ramp rate to <3° C per minute.

6. After the anneal is done, the furnace will automatically power down. Let the furnace cool

down to <200° C before opening.

7. Remove the boat carefully with the hooked steel rod.

8. Close the furnace and software. Clean up the work area.
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F.3 Oxygen annealing

Typically the vacuum anneal is followed by a oxygen anneal. The oxygen anneal serves two purposes;
(1) Selective removal of sp2 bonded carbon (graphite) from the surface and (2) Oxygen termination
of the surface, stabilizing the charge state of near surface NV~ centers. We use the same furnace

as before but with a different tube.

Furnace maintained
at 465 C

Figure F.3: The oxygen annealing setup consisting of a double ended quartz tube. One end is
connected to the oxygen gas supply, whereas the other end is connected to a gas bubbler.

1. Place the samples on the alumina boat face-up. The implanted surface has to be exposed
to the hot oxygen flow. We use separate boats for vacuum and oxygen annealing to prevent

contamination.

2. Carefully slide the boat into the quartz tube. Ensure that the sample is positioned right

above the temperature sensor (Fig.F.2). Close and latch the furnace shut.

3. Connect the narrow right end of the tube to the oxygen regulator using a 1/2” swagelok

ultratorr fitting. Don’t over tighten, finger tight is good enough. The narrow 1/2” quartz
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input tube is very fragile.

4. Connect the left end with the KF-25 fitting to a gas bubbler (a copper tube going into a
container of clean water). The bubbler allows estimation of the oxygen gas flow rate and

prevents atmosphere from entering the tube.

5. Open the oxygen cylinder and adjust the regulator by observing the bubbler. A steady flow
rate of 5 bubbles/sec is sufficient. Because the oxygen is exhausted into the ambient, please
follow all safety protocols regarding handling of pure oxygen (no naked flame in the vicinity,

ete.).

6. You can start annealing. All recipes are saved on the anneal-PC. Keep the temperature ramp

rate to <3° C per minute.

7. After the anneal is done, the furnace will automatically power down. Turn off the oxygen

cylinder. Let the furnace cool down to <200° C before opening.

8. Remove the boat carefully with the hooked steel rod.

9. Close the furnace and software. Clean up the work area.

F.4 Additional notes

Parts for building a new annealing tube:

https://technicalglass.com/product/fused_quartz_to_pyrex_graded_seal_22x25/ (Qty: 2) $93
https://technicalglass.com/product/fused_quartz_tubing_22x25/ (Qty: 1x4 ft) $37
https://www.idealvac.com/Adapter-KF-25-to-95percent-Pyrex/pp/P101975 (Qty: 1) $130

https://www.mtixtl.com/aluminacrucibleshighpurity100x20x20mmminicombustionboat-ca-150w5h5.aspx (Qty: 1) $14
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Appendix G

Miscellaneous process notes

G.1 E-beam charge dissipation layer

For non-conductive substrates (i.e. diamond, GaP-on-SiOs, etc.), a significant issue with e-beam
lithography is pattern distortion due to charging of the device substrate. To overcome this problem,
a water soluble polymer (pss) layer is deposited on the sample followed by sputter coating a 5nm
metal layer (gold + palladium). This metal layer allow dissipation of charge during e-beam exposure.

Before resist development, the metal layer can be lifted-off by rinsing the sample in water (the
polymer spacer layer is dissolved). Note that for high e-beam doses (>1800 pC/cm?) the polymer
spacer layer will become cross-linked and be more resilient to liftoff. However, this does not affect
the device pattern because any residual polymer is easily removed upon development (i.e. in

25%TMAH for HSQ). Briefly sonicate in DI prior to development if required.

G.1.1 Making a new batch of spacer polymer

The polymer is a dilution of PSS (poly-4-styrenesulfonic acid) 18 wt. % in H2O, purchased from
Sigma-Aldrich; part number 561223-100G).

1. Rinsed an empty poly-bottle with IPA, dry with No.
2. Rinse a beaker for mixing.

3. Make a 4.5% dilution of PSS in DI water. A lower dilution can be utilized for thinner polymer

layers.
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4. To obtain a smooth spin coat of polymer and to prevent adhesion issues, it is important to
add a surfactant. Triton X-100 is a commercially available cleanroom certified surfactant

suitable for this purpose (Sigma-Aldrich; part number 9036-19-05)

5. Add =1 ml of Triton-X for every 100 ml of 4.5% PSS solution. Take care, excess surfactant

can result in residue formation during development.
6. Store the new pss+triton spacer solution at ambient away from bright light sources.

7. Dispose remaining solution after a year and make a new batch.

G.1.2 Spacer polymer application

Follow the spin-parameters and soft bake as mentioned below. This will give ~1pm spacer layer
thickness. Then sputter 5nm of Au-Pd (Quorum sputter coater, 1 min deposition recipe). This

will allow for charge dissipation.

1. For large samples (> 10 mm square) :

1s ramp to 500 rpm, hold 1s
1s ramp to 6000 rpm hold 45s

3s ramp to Orpm

2. For small samples (< 10 mm square) :

1s ramp to 500 rpm, hold 1s
1s ramp to 7500 rpm hold 45s

3s ramp to Orpm

3. Visually inspect the coated samples for uniformity. If ok, transfer to hotplate (at 80 °C) for
4 min for the soft bake.
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