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Integrated Diamond Nonlinear Optics

Abstract

The past decade has seen an explosion of development in new devices, modalities, and architec-

tures for advanced sensing, computation, and communication. This growth has been driven by the

massive investments of large consumer-tech companies in data-hungry domains of customer inter-

est. As these companies develop their products and seek a competitive edge, technologies which can

provide advantage across application areas by making computation cheaper, or sensors more knowl-

edgeable, or communication faster, are attracting more interest in and outside academia. Photonics,

or the study of how to manipulate light, is a broad-based platform that inherently delivers on these

promises. Although photonics has been a part of daily life since the invention of the laser, modern

needs and aspirational designs which meet those needs far exceed the capabilities of the platforms

which have traditionally constituted the photonics toolkit.

There are two specific areas where standard photonic materials are lacking - support for visible

wavelengths and functionality for quantum optics. Currently, there are many implementations

of systems which use visible light or quantum optics on the tabletop, but the drive to scale these

technologies and deliver them to the consumer encounters a roadblock in their size and cost. Vis-

ible light sensors, for instance, could greatly benefit from conversion into an integrated photonics

platform, where the optical components are printed onto a small substrate. However, the standard

materials used for such systems (silicon and indium phosphide) absorb visible light, and other ma-

terials (like silicon nitride) do not have the attributes required for advanced functionality. More

compellingly, there exist very few material platforms which can host the quantum defects required

for next-generation technologies like quantum computation or secure communication.
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The past decade has seen extensive research into an emerging material platform which can de-

liver on the ability to bring integrated visible photonics and quantum optics to the same chip - di-

amond. With a broad transparency region (fromUV to the far infrared) and high refractive index,

diamond makes an excellent material for run-of-the-mill photonic devices. More importantly, it

harbors atom-like defects in its crystal lattice - the nitrogen-vacancy, silicon-vacancy, and germanium-

vacancy centers, among many more - which provide a direct interface between the photons circulat-

ing within the diamond device and the quantum world. Taken together, these simple properties of

diamond constitute a powerful approach towards implementation of advanced quantum technolo-

gies, such as repeaters for secure quantum communication or even, one day, computers.

Before that future arrives, diamond’s capability must first be developed. Diamond has only been

available in significant quantities for research use for about a decade, and as such, the processing

technologies which are taken for granted in silicon or silicon nitride-based work must be redevel-

oped. Within the context of photonic devices, we discuss different fabrication strategies and their

implications for device design. For visible light devices especially, we investigate methods to reduce

sidewall roughness for etched structures.

Interfacing with diamond photonic structures also brings its own unique set of challenges due to

its high refractive index and very small material footprint. To this end, we develop a method termed

”loaded tapered-fiber coupling” to optically access large, free-standing diamond devices. For size-

limited diamond resonators and waveguides, we also develop auxiliary optical waveguides to act as

spot-converters for visible wavelengths, an improvement on previous techniques for telecom-range

wavelengths.

Finally, by synthesizing these improvements in fabrication, we embark on a set of experiments in

diamond microresonators. Nonlinear optics is an excellent testbed for such improvements, both for

diamond’s superlative properties in that regard and their high sensitivity to improvements in fabrica-

tion. First, we look at a process known as Raman lasing by constructing long path-length resonators.
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This technique involves the shifting of an input photon by 40 THz via the interaction with the di-

amond’s crystal lattice. The first demonstration in a diamond integrated device was shown with a

pump wavelength of 1600 nm, with an output that was tuned over 100 nm and a low threshold.

Leveraging the developments in visible photonics for diamond, a second Raman laser was demon-

strated, this time at near-visible (720 nm) wavelengths. This too had a Stokes output which was tun-

able to over 100 nm and a very low threshold. Raman-specific effects such as polarization conversion

were also investigated.

A cousin to the Raman effect, the Kerr nonlinearity plays a key role in so-called microresonator

(or Kerr) frequency combs. We survey the possibilities and difficulties in implementation for a di-

amond platform, highlighting the competition between the Kerr and Raman nonlinearities. Al-

though the outlook for a technologically relevant Kerr comb in diamond is ultimately pessimistic,

avenues for improvement are highlighted. Namely, we investigate via simulation a related class of ef-

fects, known as supercontinuum generation. Taking advantage of subtleties of the Raman process in

diamond, we can find a preferred geometry which enables generation of a broadband light spectrum

natively in diamond.

Finally, we look at alternative applications of diamond, particularly in high-power systems. Due

to its excellent thermal conductivity and power-handling capacity, optics fashioned purely out of

diamond can show significant advantages compared to other materials. We end with a discussion of

the design principles and results stemming from this work.
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Listing of figures

2.1 Simulated radiative loss of diamond due to wedging or tapering. The diamond waveg-

uide cross-section varies from 300x400 nm to 300x500 nm over the length of the wedge.

The loss is given in units of inverse centimeters. The equivalent Q factor of the implied

loss remains above 106, even when the tapering occurs for a distance as short as 20 μm.

The wavelength used in the simulation was 700 nm. . . . . . . . . . . . . . . . . 16

2.2 Measured losses for single crystal diamond material of varying impurity concentration

at (a) 532 nm and (b) 1064 nm probe wavelength. 100 ppb concentration is typical of

standard CVD (type IIa) diamond, whereas 20 ppb is typical of electronic-grade dia-

mond42 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.3 Diamond device geometry comparison. (a) Thin film, diamond-on-insulator exam-

ple of resonator on dielectric with nearby bus waveguide. (b) Angle-etched resonator

with supporting sections. In some designs, the support can run throughout the waveg-

uide, instead of tapering in and out. . . . . . . . . . . . . . . . . . . . . . . . . 20
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2.4 Mode converter for DOI platform. (a) Schematic of mode converter collecting light

and transferring it to diamond waveguide (b) Plot of mode converter coupling efficiency

to input light beam. In this case, λ = 800nm and the beam waist radius is 2μm, set

to TE polarization. Efficiency is maximized for a cross-section of 1.4μm by 1.5μm with

a refractive index of n = 1.5 on top of an oxide substrate. The peak efficiency is 70%. 23

2.5 Silicon adiabatic coupler loaded to tapered fiber. (a) Scanning electron micrograph (SEM)

of a silicon loader waveguide fabricated via Faraday cage angled-etching. The device

(green) tapers down from a nominal width of 1μm in the center to points at the ends

over a length of 20μm. The supporting fin is etched through, collapsing the device onto

the substrate (b) Finite-difference time-domain (FDTD) simulation of a silicon adi-

abatic coupler loaded to a tapered silica fiber with diameter 1μm. The mode originally

stays in the silica fiber before being drawn into the waveguide. The waveguide is shown

coupling over 40μm. The multimodal nature of the thicker end of the silicon waveg-

uide visibly manifests itself as interference fringes in the normalized electric field. (c)

COMSOL simulations of the effective index of the tapered fiber (blue, dotted), sili-

con coupler device (blue, dashed), and supermode (red, solid) as the width of the sil-

icon coupler is increased from 300nm to 1μm. The dashed green lines correspond to

the cross-sections shown in (d). The waveguide’s cross-section is an isosceles triangle

with equal angles of 30◦. (d) Supermodes obtained at different cross-sectional waveg-

uide widths. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
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2.6 Studied silicon micro-resonator with nominal width 1μm. (a) Simulated modal pro-

files at λ0 = 1.52μm for the fundamental (top, neff = 3.19, ng = 3.85) and higher-

order (bottom, neff = 1.52) modes using an extracted etch angle of 65◦. (b) SEM im-

age of silicon micro-resonator (top) fabricated with angled-etching. The bending ra-

dius is 25μm while the straight region is 25μm. A hydrogen silsesquioxane (HSQ) mask

is defined via electron-beam lithography and the structure is etched in a SF6/C4F8 chem-

istry. Slight waveguide roughness (bottom left) is visible on the SEM. The structure

is supported above the substrate by silicon fins (bottom right). This is done by tim-

ing the etch so that material remains under the widened support sections. . . . . . 28

2.7 Silicon micro-resonator spectra with bare fiber (red) and loaded fiber (blue) (a) Trans-

mission measurements of silicon micro-resonator (inset, optical image) from 1480nm

to 1520nm. The bare fiber result is shifted from the loaded fiber result for clarity. In

the bare fiber case, the transmission dips are not consistent across the entire spectrum,

petering off at shorter wavelengths. In contrast, the loaded fiber shows a consistent cou-

pling for all modes in the same family, with transmission dips of∼ 40 − 60%. (b)

Extracted transmission contrast for highly-coupled resonances as a function of wave-

length under bare (red) and waveguide-loaded (blue) coupling. (c) Optimized coupling

to high-quality factor (Q) resonances at∼ 1518.4nm and∼ 1521.5nm. The measured

Qs were∼ 130, 000 and∼ 40, 000, with transmission dips of 60% and 80%, respec-

tively. These modes are not visible when coupling with the tapered fiber alone. (d) Lorentzian

fit to a high-Qmode at short wavelengths, showing a Q of∼ 134, 000. (e) ”Shark-

fin” shaped transmission dip characteristic of optical nonlinearities when pumping at

∼ 138μWof measured power. . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
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2.8 Diamond angle-etched microresonator. (a) The diamond microresonator has a diam-

eter of 60 µm. The mode is confined to the corner, as shown in the inset. This design

minimizes interaction with the surface, but needs to be rather large to avoid leakage

into the substrate. (b) Spectrummeasured with loaded coupler. Peak quality factor

is measured to be 170,000. This spectrum is not visible with traditional means. . . 32

3.1 Overview of Faraday cage angled-etching (a) 3D simulation of reactor chamber with

an argon plasma and a central Faraday cage (details in text). (b) Schematic of angled-

etching. The ions, directed by the equipotential on the cage boundaries, are incident

upon the sample at an angle. The etch mask defines the shape of the structure. (c) Ex-

amples of different cages used for angled-etching, including (i) a triangular cage with

a fine mesh (ii) a wrapped cage with a coarse mesh and (iii) a molded cage with a medium

mesh, with a shape maintained by retaining plates. . . . . . . . . . . . . . . . . . 36

3.2 Angled-etched devices (left, nanomechanical cantilevers, right, optical resonators) in

different materials. (a) Structures etched in diamond, following the recipe in the text.

The lines in the substrate visible on the cantilever device are from the coarse cage used

to etch, which impacts the ion trajectory. The optical resonators are supported by flared-

out sections in the mask, which transfer to pedestals for an appropriately-timed etch. 25.

Silicon (b) and quartz (c) cantilevers,∼ 40μm and∼ 10μm long, respectively. All

the optical resonators pictured support modes in the telecom wavelength range. . . 39

4



3.3 Simulated voltage drops inside the Faraday cage. (a) Simulated etching potentials for

a coarse cage (left) and fine cage (right). The coarse cage has a larger potential gradient

within, influencing the path the ion takes. The simulated ion trajectories from a sin-

gle point outside the cage are overlayed on the right hand side, with coloring to pro-

vide visual contrast. All simulated cages have a cage angle of 60 degrees. (b) Voltage

drop inside the cage relative to the etch potential (squares, left axis) and resultant mean

incident ion etching angle, defined from the normal (diamonds, right axis). . . . . 43

3.4 Detailed results from changing cage parameters. (a) Incident angle/ion energy histograms

for simulated cage designs with fine (left) and coarse (right) mesh spacings and raised

(bottom) and lowered (top) samples. The ion data are taken upon collision with the

sample area. The angle-energy histograms show clear ”banding” of the ions due to the

effect of the Faraday cage wires. Notably, both the raised sample position and coarse

mesh spacing increase the variability in angle/momentum space. Generally, higher ion

energy (equivalently, momenta) can negatively effect mask selectivity as the etch be-

comes more physical. (b) Averaged ion incident angle for the cage designs in part (a),

corresponding to their number. (c) Head-on SEM images of cantilevers etched in (i)

a raised, coarse cage, (ii), a lowered, fine cage, and (iii) a raised, fine cage. The angle ϕ

is defined as the observed etch angle. The SEMs show that ϕ varies in accordance with

simulation. The visible sidewall roughness seems to be a characteristic of the partic-

ular etch and is not greatly affected by cage design. . . . . . . . . . . . . . . . . . 44
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3.5 Impact on sample height and incident angle across a sample. (a) Incident ion angle as

a function of radial position on the sample for samples on the carrier (left) and placed

on a 10 mm pedestal (right). The bottom shows the relative flux of etching ions as a

function of position. The sample placed on the pedestal shows a larger variation in ion

flux and incident angle. (b) Incident ion angles for a cage as the sample is placed on higher

pedestals (top). Mean ion energy and standard deviation for ions as the sample height

is raised (bottom) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.6 Schematic of reactive ion beam undercut etching process. (a) Mask (typically niobium)

is defined via pattern transfer. (b) The sample is mounted perpendicular to the ion beam

path and etched on a rotating sample state. (b) The sample is tilted to the desired etch

angle and the stage continues rotating, uniformly etching underneath the etch mask.

(d) The mask is removed, yielding an undercut structure. Etching may continue un-

til the structure underneath is completely etched away. By varying the mask size, sup-

port regions may be defined, yielding freestanding nanostructures on a bulk substrate. 51

3.7 Schematic flow-chart of thin film fabrication. (1) The diamond is cleaned and placed

on a sapphire substrate. (2) The diamond is thinned down via ICP etching and trans-

ferred to a new substrate. (3) Resist is patterned on the diamond. (4) The sample is etched.

(5) The coupling waveguides which go to the end of the chip are defined and the sam-

ple is cleaved. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

3.8 Micrograph of sol-gel based resonator with visible light coupled in. The scattered vis-

ible light shows little loss. The diameter of the microresonator pictures is 100µm and

the recorded quality factor was 40,000. . . . . . . . . . . . . . . . . . . . . . . . 60
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4.1 Reproduced fromMildren &Rabeau 123 with permission. Scattering efficiency
(∑

j |esRjei|2
)
/d2

as a function of input and Stokes beam polarizations for different beam orientations

relative to the crystal axis. (a-c) For an incident beam along a <100> axis to (a) axially-

directed scattering (b) perpendicular scattering in <100> and (c) perpendicular scat-

tering in <110>; (d-f) For an incident beam along a <110> axis for (d) axially directed

(e) perpendicular in <110> and (f) perpendicular in <100> directed scattering; (g-i) For

an incident beam along a <111> axis for (g) axially directed, (h) perpendicular in <112>,

and (i) perpendicular in <110> directed scattering. . . . . . . . . . . . . . . . . . 64

4.2 Diamond-microresonator based Raman laser design. (a) Energy level diagram of the

Raman scattering process (left), wherein a high energy pump photon with frequency

ωP is scattered into a lower frequency Stokes photon, ωS, and an optical phonon, ΩR

(∼40THz in diamond). We pump with telecom lasers (λP∼1.6 µm) corresponding

to ωP∼190THz, resulting in a Stokes output at ωS∼150THz i.e. λS∼2 µm. A schematic

illustrating the device principle (right) shows a pump wave (green) entering a high-Q

microcavity, where it enables Stokes lasing (orange) via stimulated Raman scattering.

(b) Simulated TE mode profiles of diamond waveguides with width 800 nm and height

700 nm fully embedded in silica, at the pump (λP∼1.6 µm, top) and Stokes (λS∼2 µm,

bottom) wavelengths, showing good overlap. (c) Scanning-electron-microscopy im-

age of the nano-fabricated diamond racetrack resonators on a SiO2-on-Si substrate be-

fore cladding with PECVD silica, showing the bus-waveguide-coupling region (gap∼500 nm)

and transition to polymer (SU-8) waveguides for efficient coupling to lensed fibers. (d)

Optical micrograph of a diamond racetrack micro-resonator with path length∼600 µm

and bending radius∼20 µm, after a PECVD silica cladding layer is deposited on top 68
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4.3 High-Qmodes at pump and Stokes wavelengths. (a) Transmission spectrum of the

diamond racetrack resonator at telecom (pump) wavelengths taken by sweeping a continuous-

wave laser reveals high-Q transverse-electric (TE) modes with 30-40% extinction ra-

tio (under-coupled resonances). The path length of the resonator is∼600 µm, corre-

sponding to an FSR of∼1.5 nm (∼180GHz). Inset: A loaded Q of∼440,000 is in-

ferred from the Lorentzian fit to the mode at∼1574.8 nm. (b) Transmission spectrum

of the diamond resonator at the Stokes wavelength range near∼2 µm (∼40THz red-

shifted from the pump) taken using a broadband super-continuum source again re-

veals high-Q TEmodes with 30-40% extinction ratio (under-coupled resonances). In-

set: A loaded Q of∼30,000 is inferred from the Lorentzian fit to the mode at∼1966 nm,

although this may be limited by the resolution (∼0.056 nm) of our optical spectrum

analyzer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

4.4 Observation of Raman lasing and threshold measurement. (a) Optical spectrum an-

alyzer (OSA) signal when the pump is tuned into a resonance near∼1575 nmwith∼100mW

power shows the emergence of the Raman line at the Stokes wavelength of∼1993 nm,

∼40THz red-shifted from the pump. Inset: A high-resolution scan zooming into the

Stokes output reveals>50 dB sideband suppression ratio (>60 dB on-chip after cor-

recting for out-coupling losses). (b) Output Stokes power at∼1993 nm versus input

pump power at∼1575 nm (both estimated in the bus-waveguide), displaying a clear

threshold for Raman lasing at∼85mWpump power. The external conversion slope

efficiency is∼ 0.43%, corresponding to an internal quantum efficiency of∼ 12%.

Inset: A log-log plot of the output Stokes power versus input pump power reveals a

∼40 dB jump above the noise floor in the output at threshold. . . . . . . . . . . . 70
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4.5 Discrete and continuous tuning of Raman laser output wavelength. (a) Discrete tun-

ing of the Stokes wavelength over a range>100 nm (∼7.5THz or∼ 5% of the cen-

ter frequency). The pump is tuned to 14 separate resonances, each spaced by 3×FSR

(∼550GHz), and the Raman line is recorded with an optical spectrum analyzer (OSA)

at each pump wavelength. (b) Stokes output of adjacent modes. Here the pump is tuned

to neighboring resonances (one FSR apart) within the highlighted region of Fig. 4.5(a).

The output modes are also spaced by an FSR or∼180GHz. Thus, over 40 individ-

ual longitudinal modes can be accessed over the entire demonstrated tuning range. (c)

Mode-hop-free tuning of the Stokes wavelength over∼0.1 nm or∼7.5GHz. The pump

frequency is tuned within a thermally red-shifted resonance (‘shark-fin’ shape), thus

tuning the output Stokes wavelength in a continuous fashion. The output power is

normalized to the peak emission at each pump wavelength. The linewidth of the Stokes

mode is limited by the minimum resolution of our OSA (∼0.05 nm). . . . . . . . 73

4.6 Microresonator design and experimental concept. (a) Micrograph of diamond ring res-

onators, with coupling region highlighted. (b) Scanning electron micrograph of doped-

glass to diamond coupling region. (c) Experimental setup. The light from a CWTi:Sapphire

laser is focused onto a waveguide facet after passing through a half-wave plate. A lensed

fiber collects light and directs it to an optical spectrum analyzer and a photodetector.

(d) Experimental concept. A CW pump is tuned to resonance, creating a Raman gain

region at ΩR∼39.99THz Stokes shift for both TE and TM polarizations. The strength

of the Raman gain for these polarizations is dependent on the specific microresonator

parameters. The difference from the Stokes Raman gain to the nearest resonance mode

is termed the Stokes-mode mismatch. . . . . . . . . . . . . . . . . . . . . . . . . 76
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4.7 Low-threshold device measurements at low power. (a) Cross-sections of simulated mode

intensities at TE pump (left, blue), TM pump (center, red) and TE Stokes (right, blue).

(b) Transmission data for studied resonator at TE (top, blue) and TM (bottom, red)

probe polarizations. Insets show zoomed-in highlighted regions of the TE spectra. The

studied pump resonance shows a quality factorQ ∼301,000 at 750.88 nm, correspond-

ing to a Stokes resonance ofQ ∼ 85,000 at 834.34 nm . . . . . . . . . . . . . . . 79

4.8 Low-threshold device Raman measurements. (a) Stokes-mode mismatch plot (top)

shows the mismatch between the Raman gain from a TE pump resonance and the near-

est TE (blue, circles) and TM (red, triangles) resonance. The blue and light blue bands

show the mode mismatch lying within one half-maximum and three half-maximums

of the Raman gain peak, respectively. The ribbon (bottom) qualitatively shows (by

circle size) recorded Stokes power from Raman lasing at the respective pump wavelengths.

The TE-TE transition is well-matched across the measurement, and Stokes output is

observed over 60THz of tuning (bottom). (b) Threshold measurements for TE pump

at the resonance from Fig. 4.7, or 750.88 nm. The inset shows a semi-log plot of the

near-threshold data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

4.9 Raman lasing and polarization conversion dependence on Stokes-mode mismatch, same

nominal dimensions as Fig. 4.7. (a) The mismatch between the Raman gain created

by a TE pump resonance and the nearest TE (blue circles) and TM (red triangles) mode

is plotted (top). Though both TE and TM resonances are well-matched, the output

is likely TE, based on the higher quality factor of these resonances. (b) A similar plot

as (a), but for TM pump resonance. Two regions of Stokes output are recorded at roughly

∼735 nm and∼770 nm. The TM pump is converted to a TE Stokes, and the neigh-

borhood of modes for which Raman lasing is observed is narrower, as expected from

the Stokes-mode mismatch plot. . . . . . . . . . . . . . . . . . . . . . . . . . . 81
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4.10 Candidate resonator for next-generation Raman lasers. The long path-length of the

device leads to a very small FSR (<60 GHz), ensuring that every mode lies within one

FWHM of the Raman gain peak. In addition, this angle-etched device is made of mono-

lithic diamond, which has advantages for high-power handling. . . . . . . . . . . 82

5.1 Four-wave mixing experiment. (a) Schematic of experimental setup. The light from

the pump and probe laser is combined into the same optical fiber and focused on the

chip end facet with a lensed fiber. The light is collected and measured via OSA, while

a photodetector monitors the power. (b) Measured resonances of the signal, pump and

idler. The highest-Q resonance (>300,000) was chosen as the pump. (c) Measured out-

put of four-wave mixing experiment, showing good agreement with theoretical expec-

tations. A pump of 0.76 (5.6) mW and and idler of 0.3 mW yields a signal of 0.04 (1.2)

μW, as shown in the left (right) plot. . . . . . . . . . . . . . . . . . . . . . . . . 88

5.2 Supercontinuum diamond waveguide design and simulation. (a) Device architecture.

The waveguide is tapered on either end to support coupling into the waveguide mode,

and the bulk of the waveguide is supported by a thin (<100 nm) structure above the

substrate. (b) Close-up SEM of fabricated tapered region. The scale bar is two microns.

(c) Simulated losses from height of waveguide off substrate, holding width constant,

(left) and width of supporting structure, holding height constant at 2 μm (right). Sim-

ulations performed at 800 nm pump wavelength, with devices of cross-section 500 nm

and apex angle 100 degrees. (d) Anomalous dispersion for waveguides in triangular ge-

ometric cross-section of varying widths. The apex angle is kept constant at 100 degrees. 91
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5.3 Supercontinuum diamond waveguide experimental results. (a) Device SEM of head-

on waveguide, showing angular etch. The mask is left on. Scale bar 1μm (b) Device mi-

crograph with in-coupled visible light. The light is clearly waveguided. Scale bar is 100

μm. (c) Simulated supercontinuum spectrum at 550 nominal width, 100 degree apex

angle, 80MHz repetition rate and 6 mW average power. (c) Experimental supercon-

tinuum spectrum for waveguides at 550 nm nominal width, 100 fs pulses at 80MHz

repetition rate and 50 mW average power. The large insertion losses for this device (>10

dB) required higher pump powers. The fabricated device width may be smaller than

the nominal width, affecting supercontinuum generation. . . . . . . . . . . . . . 92

5.4 Simulated frequency combs and dispersion diagrams from collaboration with Gaeta

group. (a) Simulated dispersion diagrams for diamond waveguides of triangular cross-

section (top), showing anomalous dispersion well into visible wavelengths (middle)

and simulated frequency combs results for 400 nm wide triangular waveguides (bot-

tom) with over 2/3 octave generation. (b) Dispersion and frequency comb simulations

for thin film-type diamond waveguide devices, for devices of 300 nm in height and var-

ious width. The bottom simulation shows a 300 nm wide waveguide. . . . . . . . 95

5.5 (a) Simulated spectrum for comb generation in diamond microresonators pumping

at 790 nm for FSR’s of 787 GHz (top) and 658 GHz (bottom). (b) Simulated spectrum

a 1560 nm pump for FSR’s of 500 GHz (top) and 417 GHz (bottom). The insets show

the corresponding temporal profile. The red circles indicate the Raman frequency shift. 96
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5.6 (a) Simulated spectrum for supercontinuum generation in 5 cm long-diamond waveg-

uides oriented along the ⟨100⟩ direction, accounting for TE-TMmode coupling and

the Raman noise term. The inital pulse is 100 fs long with 10W peak power at 475 THz.

Because the TE mode is initially unseeded, the only field accumulated is due to the noise

term. (b) The same simulation, for the case of an isotropic material with otherwise equal

material parameters. The generated supercontinuum is slightly different. This figure

corresponds to standard GNLSE simulations which do not properly account for the

tensorial nature of the material or mode coupling. . . . . . . . . . . . . . . . . . 99

6.1 Design principle for monolithic anti-reflective coatings (a) Subwavelength dielectric

pillars are fabricated in diamond with a slightly sloped sidewall. As the cross-section

of the pillar varies slightly with z-coordinate (defined along the optic axis), there is an

effective variation in refractive index, shown schematically in (b). The abrupt changes

in refractive index at the cone-air and cone-substrate boundaries result in reflections,

which can be compensated for by tuning the height of the structure for optimal de-

structive interference. (c) Transmission simulations shows the result of a full finite-difference

time-domain simulation for the pillars shown in Fig. 2, with a top diameter of 2.8 μm

and bottom diameter of 3.2 μm. The height of the simulated pillar is varied from 0.5

to 2.5 μm. The 10.6 μm wavelength result is traced with the dashed line, showing near-

unity transmission for a design height of∼1.75 μm for these dimensions. . . . . . 103

13



6.2 Fabrication of monolithic anti-reflective coatings in diamond (a) Scanning electron mi-

crograph (SEM) of fabricated anti-reflective coating (scale bar 20 μm). The inset shows

a zoomed-in image of the sample (scale bar 2 μm), with detail visible. The diamond

pillars have a rounded-rectangular cross-section with a top side length of∼2.8 μm and

a bottom side length of∼3.2 μm. The etch is timed to reach an optimal anti-reflective

condition. (b) Process flow for fabrication of diamond anti-reflective coatings. (i) a poly-

crystalline diamond substrate is cleaned and then coated (ii) in a lift-off resist (LOR)

and photoresist (PR) layer. (iii) The resist is then exposed and developed, with the LOR

dissolving at a faster rate than the PR. (iv) A thin titanium (15 nm) is deposited, fol-

lowed by a thicker (∼200 nm) gold layer via electron-beam deposition, and then (v)

lifted off. The gold a mask during etching, which results in a final profile with slightly

sloped sidewalls. (vi) The sample is then stripped of its mask and cleaned. . . . . . 105

6.3 Quarter wave plate metasurface device (a) Parameter sweep of quarter wave plate de-

sign, where the depth etched and the width of the rib is varied. The thick black line

describes the region where the QWP imparts a 90 degree phase shift. (b) SEM of etched

QWP structure, showing ribs protruding almost 5 μm above the substrate. (c) Exper-

imental results of phase shift imparted by QWP as a function of wavelength. The tar-

get of 90 degrees +/- 3 degrees at 10.6 μm wavelength was reached. . . . . . . . . . 106
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6.4 Design and fabrication of monolithic diamond metasurface lens for 10.6 μm wavelength

focusing. (a) SEM of fabricated metalens. Inset shows close-up of pillars used as phase

building blocks. (b) Design parameter sweep of different height pillars, assuming a 7

degree etch angle slope, as per fabrication results. A minimum pillar height of 10 μm

is required to create a full 2π phase shift, though in practice taller pillars are used in or-

der to relax the fabrication constraint. The design pitch is 4μm. (c) Results of knife-

edge measurements on focused CO2 laser beam. The lens shows focusing efficiency

of 57%. (d) By repeating the knife-edge measurements over the beam path, we can fit

the measured beam radius as a function of distance. The minimal focused spot radius

is 48.0μm, indicating the beam is not diffraction limited. We can estimate theM2 value

to get an idea of the beam quality by comparing it to the ideal Rayleigh length. This

gives us anM2 of 5.6, suggesting imperfections in the lens or the probe beam itself. 109
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1
Introduction

The new devices, architectures, and designs required of the next generation of consumer, medi-

cal, and industrial technology requires new inputs and fresh perspectives. Although photonics, the

study and engineering of devices in which light interacts with matter, has been relevant ever since

the invention of the laser, new frontiers and boundaries are being explored as the potentials of light

as sensor, detector, imager, communicator, rangefinder, and computer open up. In this thesis, we

will explore one material - diamond - which has tremendous potential for next generation optical
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Property Symbol Value
Density ρ 3.515e3 kg/m3

Lattice type - Cubic (Fd3m)
Lattice constant a0 0.357 nm
Bandgap Eg 5.5 eV
Toughness n 2.4 -
Thermal conductivity k 2200W/m/K
Thermal expansion α 1.05 ppm/K
Speed of sound 138 Vs 12,000 m/s

Table 1.1: Table of standard material properধes of diamond. Data from Colbran 42 unless otherwise noted. Where
the property is dependent on temperature, the value reported is given at 300 K.

and photonic systems, and attempt to blaze a path for future researchers to study. This investigation

will not be limited to developing methods and techniques for handling and processing this fascinat-

ing material, but will also extend to physics and devices never-before demonstrated in the diamond,

or any, integrated optical platform.

1.1 Diamond

In the public consciousness, diamond has enjoyed an overwhelmingly popular role as the commer-

cial gemstone of choice, likely owing to material properties which make it truly unparalleled. How-

ever, diamond has played and will continue to play an ever-increasing role in industrial processes,

particularly those in which a tough cutting tool or abrasive is needed. Furthermore, its excellent

thermal conductivity, again the highest of any material, has encouraged its use in new applications

such as high-power electronics as a heat spreader.

The material properties of diamond are summarized in Table 1.1. Again, as an engineering mate-

rial diamond has few rivals, and its limited use to-date stems mostly from its difficult manufacture.

There are two different methods with which to grow diamond - high pressure/high temperature

(HPHT) processes and chemical vapor deposition (CVD). The characteristics of synthesized dia-
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mond from these two techniques vary strongly. HPHT is mainly used to grow diamond plates. In

this technique, the growth chamber is pressurized and heated to simulate the earth’s core in a process

very much similar to the one that naturally forms diamond42. This has the advantages of being rel-

atively cheap and scalable, capable of producing diamond at a quick rate. However, the diamonds

from this process are often tinged yellow due to impurities in the growth chamber. CVD synthesis,

then, is the preferred method to create research-grade diamond for photonics. Diamonds from this

process are available in a number of grades, depending on their impurity concentration and types

of impurities present. To create a diamond via CVD, first a seed crystal of diamond is placed in the

chamber. Then, a plasma of methane and hydrogen mixed in precise ratios is struck. The methane

acts as a carbon source, growing the diamond atom-by-atom, while the hydrogen acts as a pruning

mechanism - removing any poorly-bonded carbon or impurities from the growth surface 163. This

process is much slower but can yield diamond with incredibly low impurity concentrations.

In diamond, impurities are not necessarily a bad thing and in fact make the basis for quantum

optics in diamond. These impurities, or defects, take the form of a literal catalog of possibilities. The

most well-studied is the nitrogen-vacancy center, or the NV. This defect has attracted significant

attention for magnetic sensing 2 and quantum communication protocols68. The silicon-vacancy

center (SiV) shows several distinct advantages over the NV, especially for quantum optics, and recent

demonstrations have shown its tunability 160 and suitability in various protocols 144,158. A newcomer

is the germanium-vacancy, or GeV, which promises to even further improve on select characteristics

of the SiV center 16. Although a fascinating subject matter, for this thesis we will be focusing our

efforts on the opposite end of the spectrum, or defect-free diamond, and push our technology on

that front. It should be emphasized that advances in the general processing of diamond have direct

applicability to the future devices these quantum emitters will inhabit.
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1.2 Photonics in Diamond

The focus of this thesis will be the creation of integrated optical devices in diamond. Typically, these

devices are made in more familiar material platforms such as silicon nitride, silicon, glass, or indium

phosphide. Diamond, as we will see, has several compelling advantages over this traditional pan-

theon of optical materials, but techniques to process it are considerably less mature. What tech-

niques exist typically do not serve to create the technologies that we are interested, at least not at

the requisite quality. This goes doubly so for the area where diamond shows tremendous promise

- visible wavelength integrated photonics. Of the material platforms mentioned previously, only

glass and to some extent silicon nitride have the ability to perform adequately for visible wavelengths

due to the other’s material absorption. Diamond, absorbing essentially no light in this wavelength

region, has a unique advantage here. However, the issues of integrated photonics - loss, coupling,

measurement - are only exacerbated in at these challenging wavelengths.

For integrated optical devices, light is contained in waveguides of very small cross-sectional area,

typically on the order of a few square wavelengths of light. The central conceit required to main-

tain this confinement and keep light moving happily on a chip is the presence of refractive index

contrast. In short, the waveguiding material (in our case diamond) must be surrounded in all sides

by other materials with lower index. For traditional integrated devices, such as silicon-on-insulator

(SOI), the optical material (silicon) rests directly on top of a spacer material (insulator, or silicon

dioxide). For a number of reasons, the situation in diamond is considerably less straightforward,

and new geometries or techniques have to be proposed and studied. In this thesis we study two ge-

ometries in particular - one similar to the SOI platform where a diamond film rests on oxide, and

another where the diamond is three dimensionally sculpted and nearly suspended in air, surrounded

in this case by free space.

Waveguides alone often aren’t enough to solely comprise a meaningful device architecture. Of-
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tentimes, some sort of feedback or resonant enhancement is required to get devices to interact

strongly with their constituent matter. A cutting-edge example of such a system is the photonic crys-

tal, where a periodic arrangement of holes or nanostructure can effectively act as a mirror, causing

light to bounce back and forth and build up inside a cavity. Another, more straightforward example

is the microresonator, where a waveguide is simply wrapped around to meet itself. Microresonators

will form the core of the experiments shown in this thesis, and we will discuss their physics at length.

1.3 Nonlinear Optics

To create functional devices, light has to interact with something - be it a detector or a laser gain

material or a crystal. Nonlinear optics is concerned with this process in a general sense, specifically

with the results of light-matter interaction. These nonlinearities may occur at the single-photon

level, or they may only begin to become apparent at higher power levels. Using techniques from

integrated photonics, we can build cavities which increase the interaction of the light inside with the

material system. Coupled with feedback, we can hit regimes where a process goes above threshold

and new properties of light are seen.

Diamond’s single photon emitters, or quantum defects, can be seen in some way as a nonlinear

component of next-generation, specifically quantum, optical systems. When light interacts with

such an emitter, it is absorbed and re-emitted in a fundamentally nonlinear way. This interaction

can be used for a wide variety of applications, including sensors, repeaters, or communication.

However, because of the atom-like structure and single-photon interaction, the use case of such

systems can be inherently limited to low-power and low-bandwidth applications. There are, how-

ever, other material properties inherent to diamond and nonlinear phenomena which may be used

to provide interesting functionality. Although diamond has been little-explored in these regards, we

will show throughout the course of this thesis its tremendous promise.
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Although there exists a wide range of schemes and useful systems taking advantage of nonlinear

optics, we will focus on a few which can be classified into Raman- and Kerr-mediated. Even though

Kerr-mediated and Raman-mediated effects can never be truly separated, there exist regimes where

one forms the dominant explanatory mechanism or classification. Raman-based devices rely on the

scattering of a photon off of an optical phonon in the crystal medium to convert the wavelength of

the scattered photon, known as Stokes scattering. If the process occurs inside a resonator, it has the

opportunity to feed back onto itself - resulting in Raman lasing (or, alternatively, stimulated Ra-

man scattering) where more scattered phonons are being generated and encouraging the scattering

of more light. This can produce very high powers of Stokes-shifted light, to the point where these

types of lasers are technologically relevant in converting light for medical and industrial applications,

particularly at visible wavelengths.

Kerr-mediated devices rely on the electronic nonlinearities of the crystal the light propagates

through. This interaction causes a coupling term to occur between different frequencies of light

and is directly dependent on the intensity of light. Seen at its most basic, it is the modification of the

refractive index of light n to a constant component n0 and an intensity-dependent component n2I:

n = n0 + n2I (1.1)

Though conceptually simple, the implications of this concept lead to a wide range of useful ap-

plications like four-wave mixing and supercontinuum generation, which we will explore in later

chapters.

Outside of these named nonlinear mechanisms, there of course exist others (such as the second-

order nonlinear effect and the electro-optic effect, among others). We do not discuss them because

they are not prevalent in diamond, mainly due to diamond’s crystal symmetry. Because the crystal

itself is isotropic, it cannot possess such second-order nonlinear effects. However, diamond’s crystal
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Property Symbol Value
Refractive index n0 2.4
Temperature sensitivity dn/ dT 9.6e-6 /K
Nonlinear refractive index 104 n2 1.3e-19 m2/W
Nonlinear susceptibility 104 χ(3)1111 5e-20 m2/V2

Nonlinear anisotropy 104 ρ ≡ 3χ(3)1122/χ
(3)
1111 1.2

Raman frequency shift 123 ΩR 40 THz
Raman gain 123 gR 15 cm/GW
Raman linewidth 123 ΓR 60 GHz
Electrostrictive constant 138 γe 15 cm/GW
Brillouin linewidth 129 Γb 20MHz
Brillouin gain (est.) gb 1.5 cm/GW

Table 1.2: Table of opধcal material properধes of diamond. Data is reported at room temperature and at 1064 nm
probe wavelength. All data taken from Colbran 42 , unless noted otherwise.

lattice is precisely the reason why it has such excellent properties otherwise. Because it is made of a

single species of atom, there are no dipole moments in its unit cell, meaning that low-frequency light

cannot be absorbed by the crystal. This makes diamond one of the best materials for infrared optics,

which we will touch on later in the thesis. However, because the unit cell nonetheless consists of

two atoms, the lattice supports phonon modes which can couple to and scatter light (the so-called

optical phonons).

Table 1.2 lists some of diamond’s linear and nonlinear optical properties, which are used and ref-

erenced throughout. Included are values for the nonlinear electronic susceptibility, the properties

related to stimulated Raman scattering, and to motivate future interest, the values relevant for stim-

ulated Brillouin scattering. In these parameters there are a number of points of interest which set

diamond apart from the materials commonly used in photonics today. For instance, diamond has

superlative properties for Raman interactions. Not only is its Raman frequency shift the largest

of all knownmaterials, it also has the highest Raman gain. This is taken as a direct result from its

crystal lattice, where the constituent carbon atoms are tightly packed and very light, resulting in
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high-frequency optical phonons. Taken together, this places diamond as the material of choice for

Raman laser applications. From a passive-optics point, diamond possesses the rare combination of a

high refractive index and a large bandgap. This means that diamond maintains its transparency over

a large wavelength range, but, more importantly, it also maintains a naturally low material disper-

sion over wavelengths of technological interest. With the high refractive index contrast, this means

that diamond waveguides can be easily engineered to provide the preferred dispersion where needed,

without resorting to higher-order modes or mode-mode interactions. This is a useful property for

Kerr frequency combs and other applications, especially as the search for a compact, visible broad-

band source continues. More mundanely, these properties are necessary conditions for four-wave

mixing and supercontinuum generation to occur, which we report on in this thesis. From a broader

perspective, the threshold-like behavior and high sensitivity of these processes to device quality make

these excellent testbeds for fabrication improvements.

1.4 Outline

After introducing diamond, we will first develop the concepts behind the most fundamental micro-

optic devices - resonators and waveguides. In particular, we will take the time to highlight the issues

and concerns with implementing these types of devices in diamond to ground the discussion in fu-

ture chapters. Finally, we will develop different platforms for interfacing with diamond devices,

including a discussion for why these platforms need to be developed. For diamond-on-insulator

devices, we discuss howmode-converters are used to design around the difficulties inherent in dia-

mond’s small size. For angle-etched devices, especially those where the optical mode is well-confined

in the diamond itself, we develop a technique known as loaded tapered-fiber coupling which aids in

the probing of such microresonators. Both of these coupling techniques are broadly applicable to

other material platforms.
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In the next chapter, we discuss approaches to the fabrication of diamond. The sections will detail

the various ways diamond optical devices can be fabricated, staring with a detailed investigation of

Faraday cage angled etching. Diamond devices were first made with Faraday cage angled etching and

then later transitioned to the reactive-ion beam undercut etching technique. This technique proved

more robust and possessed much finer control. Then, fabrication techniques for the diamond-on-

insulator (DOI) platform are presented, with an emphasis on a step-by-step accounting of the fabri-

cation process. This section details the intricacies in diamond fabrication and discusses the methods

used to attain record-setting quality factors in diamond photonic devices. Importantly, the difficul-

ties in processing will be discussed to provide heuristics which will aid further investigation. Finally,

we include a discussion of mode-converter fabrication for high-power applications.

Having laid out our basic architecture and fabrication process, we move on to experiments done

in diamond towards Raman lasing. After providing a historical overview and contextualizing these

developments, we present a telecommunication-band Raman laser implemented in diamond mi-

croresonators. Next, we present an evolution of this technology towards a Raman laser function-

ing at visible wavelengths. This demonstration synthesizes most of the fabrication and theoretical

efforts developed in this thesis and shows excellent performance. The diamond resonators pre-

sented show the highest quality factors across all diamond devices at visible wavelengths, and are

the shortest-wavelength CW-pumped integrated Raman lasers ever demonstrated (to the knowledge

of the author). Owing to the clean experimental setup, we also investigate polarization conversion

effects due to Raman in the diamond device.

Next, we investigate Kerr nonlinearities in diamond photonics. We begin our discussion with

supercontinuum generation in diamond, showing the potential for broadband generation well into

the UV.We highlight potential architectures for such supercontinuum generating waveguides. We

then discuss the potential for a frequency comb in diamond at visible wavelengths. Motivation and

simulations to this end are presented, followed by an in-depth discussion of the subtleties and diffi-
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culties involved in crystalline resonators. Although the prospects for frequency comb generation in

diamond are ultimately pessimistic, a full accounting of the systemmodel reveals interesting avenues

for further exploration.

Before concluding, we take a look at other devices developed during the course of this PhD for

high-power optics. Specifically, we develop the theory behind meta-optic devices and show imple-

mentations in diamond for different wavelengths. We focus initially on monolithic anti-reflective

coatings, followed by a quarter wave plate using form birefringence, and lastly on a metasurface-

based focusing lens, including characterization results.

Lastly, we conclude the thesis and include some outlook on the future of diamond photonics.

Throughout, we have emphasized points of advantage of diamond in nonlinear and high-power

systems. To finalize, we will discuss how these developments extend beyond this corner of photonics

and apply to emerging systems such as integrated quantum optics in diamond.
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2
Diamond integrated optics

Benchtop optical systems, some even including diamond as a component, have served a variety of

uses. Mostly, because of their easy extensibility and customization, they form a core component

of optical research in the lab. The drive for miniaturization and the packaging of many functional

devices onto as small a form factor as possible, however, precludes their use for serious commercial-

scale deployment. To this end, integrated optics has promised to bring the silicon chip revolution

to the world of optics. By squeezing components down to scales comparable to the wavelength of
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light, not only is light-matter interaction enhanced, but other gains such as lower power consump-

tion, smaller size, and cheaper production realized. Additionally, because of the fabrication tech-

niques used in making these devices, there is no post-construction fine-tuning of systems as occurs

in benchtop systems, and the performance of these devices remains relatively stable without con-

stant maintenance.

In this chapter, we will give an overview of the physics of integrated optics, particularly in relation

to the device architectures which will be employed in the rest of the thesis. As the main figure of

merit throughout is the quality factor of the constructed resonators, we will briefly analyze and dis-

cuss sources of loss and the theory underpinning them. Finally, we will conclude with an overview

of the different ways to optically interface with the constructed devices. A new technique with

which to do so will be presented, which addresses the challenges of coupling to certain diamond

optical device architectures.

2.1 Whispering gallery mode resonators

The central object of our study is the whispering gallery mode resonator. In this section, we will

develop, derive, and enhance our intuition of the physics of these systems.

2.1.1 Sources of loss

Sources of optical loss form perhaps the biggest and hardest-to-tackle challenge in any micro-optical

system. But, because thresholds for many nonlinear processes scale as the inverse of∼ Q2/V, we im-

mediately see that bringing the quality factorQ as high has possibly reduces our threshold by a factor

ofQ2. To wit, we can write the total loss of any linear optical mode as the sum of its components 17:

αT = αs.s. + αs.a. + αrad. + αb.a. + αcoupling (2.1)
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Where αs.s. is loss due to surface scattering, αs.a. is loss due to surface absorption, αrad. is radiative

loss, αb.a. is loss due to bulk absorption, and αcoupling is loss to any other coupled optical modes,

be they within the same resonator or from a separate waveguide which interfaces with it. This last

term is not usually included in discussion of loss but it is phenomenologically consistent and should

be included nevertheless. To convert from loss (with units 1/m) to quality factor (a dimensionless

parameter), one can use the following formula 132.

QT = 2πn0/(λαT) (2.2)

Applied to the individual loss components, one may speak of the “couplingQ” or equivalent

“surface scatteringQ”.

Let’s start to pick apart this formula and examine where the predominant sources of loss in our

diamond system.

Surface scattering is the most visible target to improve - you can see a rough surface on an SEM

- therefore most effort goes into trying to reduce this roughness. Although new techniques have

been developed which give an actual quantification of the roughness of an etched sidewall, by and

large visual inspection and experimental testing of quality factors with a fabrication parameter sweep

remain the main methods for developing processes which reduce surface scattering loss.

To gain an estimate for the effect of surface scattering loss given a sidewall roughness, we can

consider it akin to Rayleigh scattering, where the loss is proportional to the scattering cross-section,

or 12

αs.s. ∼
(
εwg − εcladding

) σ2rmsdr
λ4

(2.3)

where εwg and εcladding are the dielectric constants for the waveguide and cladding respectively,

σrms is the root-mean-square value of the surface roughness, and dr is the correlation length of the
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roughness. Looking at this heuristic, we immediately see that higher index contrast means more loss

(a problem for diamond) and that there is a strong dependence on loss with respect to wavelength

(a problem for going to shorter wavelengths). More formally, we can write the scattered power per

length in the following way 12

P
4L =

∮ (⃗
Selement · r̂

)
R̃ (β− nk0 cos θ) dA (2.4)

where the integral is essentially a surface integral describing the Poynting vector generated by

scattering S⃗element multiplied by the spectral density of the roughness R̃, itself dependent on the

propagation vector of the mode with respect to the scattered angle θ. By approximating a scattering

element (the roughness) as an infinitesimal line at the surface, we simply need to account for the

Poynting vector at the surface to construct a reasonable model of scattering loss.

The next loss term, αs.a., stems from absorption due to impurities and adsorbates on or near

the surface. This can be caused by ion implantation due to etching or simply gas-phase molecules

present in the laboratory sticking on the surface. Indeed, it is known from the diamond literature

that chlorine-based etch chemistries can leave residual chlorine in the diamond lattice, up to a dis-

tance of a few nm, based on x-ray photoemission spectroscopy (XPS) and studies with nitrogen va-

cancy centers, which are particularly sensitive to such dipolar molecules40. For this reason, chlorine-

based etches are never used to finish the etching of diamond optical structures, though it is used in

other circumstances as we will see. Within the context of diamond surface chemistry, the literature

provides us with strong suggestions for proper treatment. In some systems such as silicon, a piranha

acid-clean greatly helps in cleaning up the exposed surface, creating a thin oxide layer, and reduc-

ing losses 17. For diamond, because the exposed surface is simply carbon atoms with possible etch

damage, a way to ensure a clean surface is paramount. To this end, there are two main ways to en-

sure such a surface. The first is to perform a tri-acid clean, which removes any contaminants, slightly
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etches the diamond surface, and leaves a clean surface termination. Because this process is quite vio-

lent, for especially sensitive structures such as those appearing in this thesis it is not recommended.

The other process is an oxygen-based anneal 130. Although adopted for NV-center studies40, it has

the added benefit of etching away any residual carbon on the diamond surface (which may absorb)

and terminating the surface with oxygen molecules, ensuring a pristine surface with no midgap

states which can absorb optically 166. A fluorine-based chemistry can also guarantee such a surface

state, whereas hydrogen-terminated diamond surfaces actually are conductive and potentially absorb

light 181,166. Although in principal this loss mechanism is easily modeled, it is typically only investi-

gated experimentally. All the work done in this thesis relied on a final oxygen anneal step to treat the

surface and ensure good theoretical surface quality, though more experimentation could surely be

done in this regard.

The next loss mechanism, αrad., is loss due to bending and coupling to free-space radiative fields.

For the size of resonators which we study, bending loss is negligible, particularly because our dia-

mond waveguides are completely etched. The bending loss can be thought of intuitively as a coor-

dinate transformation which changes the cylindrically symmetric problem of a bending microres-

onator into one where the microresonator is straightened out 37. This coordinate transformation

has the side-effect of changing the refractive index, so that it is now an increasing function of the

radial coordinate. If we think of the refractive index as a potential well, where the modes of the op-

tical waveguide sit, then we see that because the transformed refractive index increases outside of the

waveguide, it will allow the mode to effectively tunnel into free-space. A detailed analysis 37 reveals

that the bending loss increases exponentially as the inverse of the bending radius of curvature.

For certain device architectures (such as tapered-support angle-etched devices or even in the

diamond-on-insulator platform), where the device cross section can slowly vary over the waveguide,

we can perform a more general treatment and derive the lost power over the geometry change via 174

15



Figure 2.1: Simulated radiaধve loss of diamond due to wedging or tapering. The diamond waveguide cross-secধon
varies from 300x400 nm to 300x500 nm over the length of the wedge. The loss is given in units of inverse cenধme-
ters. The equivalent Q factor of the implied loss remains above 106, even when the tapering occurs for a distance as
short as 20 μm. The wavelength used in the simulaধon was 700 nm.

PL =

∫ k0nz

0
|qT(κs, L)|2 dκs (2.5)

where

qT(κs, L) =
∫ L

0
ηgr(κs, z) exp

{
i
∫ z

0

[
β(κs)− β0(z

′)
]
dz′

}
dz (2.6)

and ηgr is the overlap integral of the guided mode and the radiative mode given by κs. Fig. 2.1

shows simulations of the loss due to a wedge in the diamond film. For typically wedge values (100

nm of height increase across 100 μm of diamond film) the loss is negligible compared to measured

results.

The final loss mechanism before we discuss coupling is αb.a., the loss due to bulk absorption. As

mentioned previously, diamond plays host to a number of different color centers which can absorb

light at specific wavelengths. Depending on the diamond growth process, the impurity concentra-

tion can be a dominant source of loss, as can be easily understood simply by looking at a yellowish

piece of HPHT grown diamond. For research use, we exclusively use electronic-grade diamond with
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ultra-low impurity concentration. At visible wavelengths (532 nm, see Fig. 2.2) we see that at nitro-

gen concentrations typical of standard type IIa diamond (∼ 100 ppb) bulk loss is non-negligible,

at roughly 10−1 cm−1. Electronic grade diamond, with concentrations of∼ 20 ppb, shows much

lower loss of 10−3 cm−1 42.

2.1.2 Coupling

The question of coupling is related to, yet distinct, from the other loss considerations. Although

phenomenologically equivalent from the point of view of the resonator mode, the main distinction

between coupling and other sources of loss is the fact that loss due to coupling ends up in a mode

which is “useful”. This may mean that the resonator mode is injected through this channel, or it is

but one output port among many which control it. An accessible introduction and analysis of the

coupling of a microresonator to a waveguide is provided in Yariv 190 .

From a practical standpoint, system design is usually undertaken with a finite-element method

solver (COMSOL). This fast simulation technique is able to easily grab coupling parameters for a

given geometry, and from there the system parameters can be chosen to develop an optimized cou-

pling scheme. An advantage of this technique over perturbative approaches is the accurate coupling

parameter retrieval, particularly when the waveguides are close. The two waveguides are placed a

distance apart d, and the difference between the symmetric and antisymmetric mode indices reveals

the coupling parameter κ 77. Other techniques such as FDTD can be used for full 3D or 2.5D simula-

tions.

2.1.3 Dispersion

Especially for nonlinear optical devices, dispersion is a vital system parameter. At the most basic

level, we can define a the propagation constant for an optical mode traveling along a waveguide:
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Figure 2.2: Measured losses for single crystal diamond material of varying impurity concentraধon at (a) 532 nm and
(b) 1064 nm probe wavelength. 100 ppb concentraধon is typical of standard CVD (type IIa) diamond, whereas 20 ppb
is typical of electronic-grade diamond42
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β(ω) = ωneff(ω)/c (2.7)

Where neff(ω) is the frequency-dependent effective index of a mode (either in a waveguide or

free-space), dependent on the material parameters and precise cross-sectional geometry. The group

velocity vg, or the speed at which a pulse moves along the waveguide, is simply given by the inverse

of the derivative

vg =
(
∂β
∂ω

)−1
(2.8)

The group velocity dispersion (GVD) is likewise the second derivative of the propagation con-

stant:

GVD =

(
∂2β
∂k2

)
(2.9)

This term describes how a pulse spreads out (or narrows) as it propagates. Typically, the GVD is

normal, meaning that higher frequency light propagates slower than lower frequencies. The inverse

relationship is termed anomalous dispersion, and is important for the zoo of nonlinear effects we

will study and demonstrate in diamond later.

By taking consecutive derivatives of the propagation constant, we can reach higher order terms of

the dispersion of the waveguide. Although higher order terms are usually much smaller in magni-

tude, their effects can still have a visible result on experiment.

Lastly, the final relevant parameter in microresonator design is the free spectral range (FSR) of

the resonator. This parameter is just the spacing in frequency-space between subsequent resonances

of the same mode family in a resonator. It is related to the group velocity vg and the total resonator

round-trip path length L by FSR = vg/L.
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(a) Diamond-on-insulator Suspended angle-etched
resonators

(b)

Figure 2.3: Diamond device geometry comparison. (a) Thin film, diamond-on-insulator example of resonator on di-
electric with nearby bus waveguide. (b) Angle-etched resonator with supporধng secধons. In some designs, the sup-
port can run throughout the waveguide, instead of tapering in and out.

2.2 Diamond device geometries

Diamond’s difficult synthesis yields tough constraints on the available device geometries and archi-

tectures. Fig. 2.3 shows the two architectures studied in this thesis for photonic structures. The first

(Fig. 2.3(a)) is the diamond-on-insulator, or DOI approach. As the name suggests, it is analogous

to silicon-on-insulator devices, which are prevalent in industry. It comprises of a thin diamond film

resting on top of a lower-index dielectric, typically glass.

The other architecture (Fig. 2.3(b)) shows the angle-etched photonic geometry, where the waveg-

uide is suspended above the substrate. This architecture has some advantages and disadvantages

compared to DOI, which we will discuss in detail here.

2.2.1 Diamond-on-insulator architecture

The diamond-on-insulator (DOI) architecture consists of a thinned-down diamond plate on a di-

electric. This design was first developed for quantum optics63, and has historically been the surest

choice for a high-Q resonator62. Due to the fragility of the diamond film, this process has low yield

and takes several hours simply to prepare a substrate for further processing.
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Typically, the diamond used for DOI devices is a thin plate (∼ 30μm-thick) fashioned by pol-

ishing. The diamond is further thinned in an etching tool, then transferred to the final dielectric

substrate. A number of suitable substrates were investigated and judged on the metrics of refrac-

tive index, chemical compatibility, and ability to fabricate on. Sapphire, although an inert substrate

which bonds well to the diamond, was ultimately unsuitable due to its relatively high refractive in-

dex, which makes constructing auxiliary waveguides such as mode-converters impossible. Calcium

fluoride (and other fluorites) were investigated as well, but their brittle nature caused difficulties

in downstream processing, with the diamond film easily breaking just be putting the prepared dia-

mond/substrate on a hot plate. Ultimately, a fused silica substrate was chosen. Although fused silica

is not particularly compatible with all of the chemistry one would like to do on the device, it met

the requisite low refractive index and broad transparency. In particular, fused silica was chosen over

thermal oxide grown on silicon because the latter suffered from absorption of visible light, to the

extent that the substrate would melt, given powerful-enough light.

2.2.2 Angle-etched diamond architecture

The angle-etched diamond architecture was investigated over the course of this thesis, though it

saw limited use in nonlinear optics until recently. Now commonly used in quantum optical de-

vices 28,64,158,16, this architecture has a number of benefits compared to DOI, though it still does not

possess the high quality factors and coupling can be difficult.

In an angle-etched device, the waveguide is fashioned on top of a bulk, single-crystalline diamond

plate and typically triangular in cross-section , suspended above the diamond substrate. Supports

can either be periodically defined along the device, or the device may be supported throughout, rest-

ing on a narrow rib. Both microresonators and photonic crystals are readily made in this platform,

and they can be interface either through tapered fiber coupling 25,99,27 or by mating tapered diamond

with a single-side tapered optical fiber 158,29
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Although both architectures can be used to create devices with great optical properties, the main

reason the angle-etched architecture is prevalent in quantum optics work is due to the ability to an-

neal the structure. This anneal is vital to ensure that the quantum defects are properly situated and

prepared in the diamond lattice, and because the structure is monolithically defined, it is naturally

robust to the extreme temperatures required of annealing. The DOI platform, on the other hand,

should be limited to temperatures below 450 C, for two reasons. For one, the thermal expansion

mismatch between diamond and the substrate can cause the film to become stressed and break at

these extreme temperatures. For two, the high temperatures typically cause a small degree of graphi-

tization, even in an ultra-high vacuum furnace, which must be cleaned off 130. Although an oxygen

anneal may in principle be used to perform such a cleaning procedure, in practice a tri-acid clean is

more widely used. This tri-acid process is too damaging to the DOI film and can easily cause device

failure.

2.3 Mode-converter end-facet coupling

Especially in the DOI platform, interfacing the small diamond portion of the device with the out-

side world can be a difficult task. For these devices, a high coupling efficiency is required, particu-

larly when studying nonlinear optics. To bring the light to the devices, we use a mode-converter

platform. On the facet-side, the mode converter waveguide has a relatively large cross-section but

low refractive index. Its dimensions are optimized numerically to maximize coupling into the mode

converter waveguide from a free-space beam of light, with a theoretical efficiency of 70%. The light

is then funneled to the diamond device, where the mode converter waveguide tapers down and the

diamond waveguide, which it overlaps, tapers up. This ensures an efficient mode transfer from one

to the other.

Mode converter waveguides are usually built on top of the diamond waveguide structures. Be-
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(a) (b)

Figure 2.4: Mode converter for DOI plaĤorm. (a) Schemaধc of mode converter collecধng light and transferring it to
diamond waveguide (b) Plot of mode converter coupling efficiency to input light beam. In this case, λ = 800nm and
the beam waist radius is 2μm, set to TE polarizaধon. Efficiency is maximized for a cross-secধon of 1.4μm by 1.5μm
with a refracধve index of n = 1.5 on top of an oxide substrate. The peak efficiency is 70%.

cause of this, a facile fabrication method is important to ensure minimal disturbance to the under-

lying diamond. Early iterations of this technique67 used electron-sensitive polymer (SU-8), but this

proved to be insufficient for visible wavelengths and the high powers required in nonlinear optics.

A newmaterial platform which contains the same advantages of the polymer design was developed

and is discussed in a later chapter.

2.4 Loaded tapered-fiber coupling

Efficient coupling of light to and from an integrated chip is essential for many applications in non-

linear optics 50,33,115,62,184,39,97, optomechanics 126,89, and quantum optics 52,67. For these reasons, a

wide range of techniques with which to deliver light on-chip have been developed, such as end-fire

coupling 22, planar gratings 169, or optical fiber coupling to dispersion-engineered photonic crystal

waveguides 10,11. However, many of these applications are based on materials where full integration

with couplers is difficult or rapid testing is desired. In this case, silica fiber tapers, where an optical

fiber is pulled to have a thin coupling region with thickness on the order of the wavelength, have

formed the foundation for many optical experiments95,32 in diverse environments, including cryo-

genic temperatures 168,143. In particular, when the fiber and resonator are made of the same material,
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this platform has shown ideal coupling to silica resonators 164, with the ability to tune from under-

to over-coupled based on taper positioning.

When the fiber and resonator are made from different materials, for instance when probing high-

index micro-resonators, the refractive index contrast results in a large propagation constant mis-

match between the resonator and the tapered silica fiber, limiting the coupling efficiency into the

resonator 167. Although the interaction length may be small, on the order of a few wavelengths, the

coupling into such systems is still limited. This problem is exacerbated in larger, multimodal res-

onators where the fundamental mode is confined mostly in the material. Existing schemes, such as

prism coupling79, or separate on-chip waveguides brought near to the resonator of interest 23, are

bulky and do not allow for rapid testing of multiple components. We demonstrate a method to im-

prove upon the phase matching by introducing an ancillary, support waveguide attached directly

to the optical fiber. This technique enables stronger coupling to a variety of high-index resonators,

both small and large mode volume devices. Because it extends the familiar tapered-fiber approach, it

is expected to be applicable to numerous materials and environments. Using this platform, we show

efficient coupling to the fundamental modes of a multimodal silicon micro-resonator. In particular,

we fabricate a tapered, free-standing, angle-etched silicon waveguide which we then detach and affix

to the tapered section of an optical fiber. This achieves adiabatic mode conversion between the opti-

cal fiber and the silicon waveguide, effectively changing the propagation constant of the input light

to that of silicon, matching it to the resonator.

2.4.1 Coupled-mode theory

Energy transfer between waveguides can be modeled via coupled mode theory 189. For two waveg-

uides in close proximity with propagation constants β1 and β2, field amplitudes A1 andA2, and mu-

tual coupling κ, the coupled mode equations may be written as
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
dA1
dz = iκA2ei(β2−β1)z

dA2
dz = iκ∗A1e−i(β2−β1)z

(2.10)

where z is the length dimension along the direction of propagation. These equations can be

solved analytically. In particular, if light is only injected into one waveguide, then the power in the

second waveguide as a function of distance is given by

P(z) =
1

1+ (δ/κ)2
sin2(

√
κ2 + δ2z) (2.11)

where we define δ = (β2 − β1)/2. Under this formulation, the maximum power coupled into

the second waveguide cannot exceed Pmax = 1/(1 + (δ/κ)2). The corresponding length such that

P(Lc) = Pmax is given as

Lc =
π

2
√
κ2 + δ2

(2.12)

which indirectly depends on wavelength through δ and κ. In particular, for a fixed coupling con-

stant κ, the power coupled in (Pmax) decreases rapidly as a function of increasing effective index

mismatch (δ). This underlies the difficulty of coupling to high-index micro-resonators from optical

fibers.

2.4.2 Device geometry

In contrast to uniform coupling waveguides, adiabatic coupling requires the breaking of transla-

tional symmetry in order to transfer optical energy across waveguides. This technique has been used

to couple light out of optical fibers and into target waveguides made of silicon 59, silicon nitride 172,173

and diamond 134. Here, we adiabatically transfer the mode from an optical fiber into such a waveg-

uide (referred hereafter as the “loader waveguide”), using the converted mode to efficiently couple to

25



an index-matched micro-resonator.

The loader waveguide and resonator were fabricated via angled-etching within a Faraday cage 28,148.

After a resist mask is defined, the pattern is first etched vertically. In a second step, a Faraday cage is

placed around the sample, directing the incident etching ions to the substrate at an angle defined

primarily by the cage geometry 28. In order to leave the structure suspended, the etch is timed to

end before the structure is completely undercut 25. The final etch profile shows a three-dimensional

taper since the etch depth is defined via the width from the etch angle. This can yield adiabatic cou-

pling over shorter intervals compared to thin film platforms 134,23. Because the operating principle of

angled-etching is agnostic to the etch chemistry, it has been used successfully in a number of materi-

als, including diamond 28,30,25,15, quartz98, and silicon 148,98.

Once sample etching is complete, the resist is removed and the loader waveguide is manually de-

tached from the substrate using an eyelash probe. This situates the waveguide on the surface so that

it is easier to pick up. Thereafter, it is transferred to a tapered optical fiber by bringing the fiber into

contact as it lies on the substrate. The bi-conical, adiabatically tapered silica optical fiber is formed

by pulling a single-mode fiber as it is heated95, ending with a taper diameter of∼ 1μm over a length

of several hundreds of microns. As the waveguide is completely detached from the substrate, the

fiber’s attractive forces are sufficient to pull the device off. Afterwards, the loader waveguide is ma-

nipulated against features on the sample until it lies parallel to the fiber. During the loading process

no visible damage is done to the fiber, although the fiber transmission reduces to∼ 0.92%. In a

separate experiment, we investigated the impact the loading process has on the overall fiber trans-

mission. When the flat fiber is brought close to contact with the waveguide, it tends to make contact

with the substrate as well. Each time this happens, a transmission drop of 10-30% is observed from

dirt on the substrate sticking to the fiber. Upon transferring the waveguide from the substrate to the

fiber, a further drop of∼80% is observed. Overall, the loading process reduced the transmission of

the fiber to 8.8% of that before loading. Alternately, cleaner methods of loading 134,173 can increase
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Figure 2.5: Silicon adiabaধc coupler loaded to tapered fiber. (a) Scanning electron micrograph (SEM) of a silicon
loader waveguide fabricated via Faraday cage angled-etching. The device (green) tapers down from a nominal width
of 1μm in the center to points at the ends over a length of 20μm. The supporধng fin is etched through, collaps-
ing the device onto the substrate (b) Finite-difference ধme-domain (FDTD) simulaধon of a silicon adiabaধc coupler
loaded to a tapered silica fiber with diameter 1μm. The mode originally stays in the silica fiber before being drawn
into the waveguide. The waveguide is shown coupling over 40μm. The mulধmodal nature of the thicker end of the
silicon waveguide visibly manifests itself as interference fringes in the normalized electric field. (c) COMSOL simula-
ধons of the effecধve index of the tapered fiber (blue, doħed), silicon coupler device (blue, dashed), and supermode
(red, solid) as the width of the silicon coupler is increased from 300nm to 1μm. The dashed green lines correspond to
the cross-secধons shown in (d). The waveguide’s cross-secধon is an isosceles triangle with equal angles of 30◦. (d)
Supermodes obtained at different cross-secধonal waveguide widths.
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(a) (b)

20 �m

Figure 2.6: Studied silicon micro-resonator with nominal width 1μm. (a) Simulated modal profiles at λ0 = 1.52μm for
the fundamental (top, neff = 3.19, ng = 3.85) and higher-order (boħom, neff = 1.52) modes using an extracted
etch angle of 65◦. (b) SEM image of silicon micro-resonator (top) fabricated with angled-etching. The bending radius
is 25μm while the straight region is 25μm. A hydrogen silsesquioxane (HSQ) mask is defined via electron-beam
lithography and the structure is etched in a SF6/C4F8 chemistry. Slight waveguide roughness (boħom leđ) is visible
on the SEM. The structure is supported above the substrate by silicon fins (boħom right). This is done by ধming the
etch so that material remains under the widened support secধons.

the overall transmission of this design.

2.4.3 Broadband coupling to high-index resonators

In this study, we investigate the optical properties of a suspended silicon resonator etched via angled-

etching (Fig. 2.6(b)). As reported elsewhere 25, by selectively widening the patterned area and pre-

cisely timing the etch, we can create a fully suspended resonator with supporting sections ensuring

sufficient distance (∼ 2μm) from the substrate. The nominal width of the resonator is 1μm, while

the support region is 1.1μm wide. The bending radius of the resonator is 25μm and the etching an-

gle is seen from SEM to be∼ 65◦. The cross-sectional area is sufficiently large to support several

transverse modes in the structure. Fig. 2.6(a) shows the mode profile of two such modes simulated

in COMSOL. The top mode is the fundamental mode for the structure, with a calculated effective

index of 3.19. The higher-order mode (bottom) shows a calculated effective index of 1.52, signif-
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Figure 2.7: Silicon micro-resonator spectra with bare fiber (red) and loaded fiber (blue) (a) Transmission measurements
of silicon micro-resonator (inset, opধcal image) from 1480nm to 1520nm. The bare fiber result is shiđed from the
loaded fiber result for clarity. In the bare fiber case, the transmission dips are not consistent across the enধre spec-
trum, petering off at shorter wavelengths. In contrast, the loaded fiber shows a consistent coupling for all modes in
the same family, with transmission dips of∼ 40 − 60%. (b) Extracted transmission contrast for highly-coupled res-
onances as a funcধon of wavelength under bare (red) and waveguide-loaded (blue) coupling. (c) Opধmized coupling
to high-quality factor (Q) resonances at∼ 1518.4nm and∼ 1521.5nm. The measured Qs were∼ 130, 000 and
∼ 40, 000, with transmission dips of 60% and 80%, respecধvely. These modes are not visible when coupling with
the tapered fiber alone. (d) Lorentzian fit to a high-Q mode at short wavelengths, showing a Q of∼ 134, 000. (e)
”Shark-fin” shaped transmission dip characterisধc of opধcal nonlineariধes when pumping at∼ 138μW of measured
power.
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icantly lower than that of the fundamental. Seen through the lens of coupled mode theory, this

implies that the higher-order mode should couple more easily to the bare optical fiber (effective

index∼ 1.4). Furthermore, as seen in the mode profiles, the higher-order mode has more electric

field concentrated on the sides of the waveguide. This implies that it interacts more with any sur-

face roughness and adsorbed molecules, limiting the Q-factor of this mode family. In contrast, the

fundamental mode is relatively isolated from the surface, resulting in a higher predicted Q-factor. In

addition to these considerations, the multimode nature of the silicon resonator may increase losses

during the transition region by the supports, causing coupling between mode families and limiting

the observed Q-factors. For these reasons we do not necessarily expect our Q-factors to be limited by

material absorption. Crucially, however, we anticipate that the fundamental mode has a much larger

Q-factor than any other mode.

After loading the fiber with the silicon waveguide, the fiber was brought near the micro-resonator.

The transmission spectrum was monitored continuously over a narrow bandwidth as the fiber was

moved closer. The position of the fiber was controlled in 50nm increments via stepper motor. Be-

cause the effective index of the loaded waveguide changes along its direction of propagation, all three

spatial dimensions were used to tune the coupling to the resonator. Within the context of coupled

mode theory, the coupling constant (κ) was tuned by changing the height of the fiber off the sub-

strate and its lateral distance to the resonator, while the effective index contrast (δ) was modified by

translating the fiber along its length.

The data shown in Fig. 2.7 were taken at optimized coupling locations either at a bare fiber sec-

tion (red) or at the section containing the loaded waveguide (blue). A tunable telecom laser (Santec

TSL-510) scanned the resonator as the transmission collected by a photoreceiver was monitored.

Under a large scan range, the difference between the loaded and unloaded section is apparent when

looking at shorter wavelengths (Fig 2.7(a)). The increased coupling bandwidth is a result of the bet-

ter index-matching.
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In the studied geometry, the length over which there is significant mode overlap between the res-

onator and the fiber is fixed due to the curvature of the resonator. Furthermore, the effective indices

of the silicon device and resonator both vary strongly as a function of wavelength, whereas the index

of the bare fiber varies weakly so. Because the loader waveguide and resonator have similar cross-

sections, we can expect that their indices have a similar dependence on wavelength. In the context of

coupled-mode theory, this implies that δ for the waveguide-loaded fiber-resonator system depends

weakly on wavelength whereas δ for the bare fiber-resonator system depends on it strongly. This, in

turn, imparts a strong wavelength-dependence on the coupling into high-index resonators from bare

fibers (Fig. 2.7(b)).

In addition to increased coupling bandwidth, transmission measurements of the resonator

with the waveguide-loaded fiber showed the ability to access the high-effective index, fundamen-

tal modes of the device. Fig 2.7(c) shows a scan taken at an optimized coupling position for wave-

lengths around 1520nm. High-Q resonances can be seen at∼ 1518.4nm and∼ 1521.5nm. The

group index can be calculated from the free spectral range (FSR, Δν) as Δν = c/(ngL)where L is

the resonator path length. These two modes give ng ≈ 3.6, which is close to the calculated value

of ng = 3.85. The discrepancy can be explained by differences between the simulated and actual

waveguide dimensions. The modes are high-Q (∼ 130, 000 and∼ 40, 000, respectively), suggesting

that they are relatively well-isolated from any surface scattering or absorption compared to higher-

order modes (Q∼ 104). Furthermore, both show large transmission contrast (∼ 60%, ∼ 80%,

respectively), demonstrating that the waveguide-loaded fiber can efficiently transfer energy to the

high-index modes of the resonator. The lower Q-factor of the second mode may be due to coupling

with other resonances in the system 139. Although the ideality of coupling is difficult to demonstrate

in this system, we do not observe a significant dependence on intrinsic quality factor as the coupling

gap is decreased, suggesting small parasitic losses 164.

To further demonstrate the ability to transfer large amounts of power to the resonator, we op-
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timized the coupling at a particular wavelength and then increased the power of our laser until we

observed optical bistability 185. As the laser is tuned across the resonance, the resonance peak is red-

shifted until some critical detuning where the resonance transitions to a regime where it is no longer

coupled (Fig. 2.7(e)), resulting in a characteristic ”shark-fin” shape. Additionally, no degradation in

coupling was observed for higher powers, up to the maximum laser power available.

(a)

(b)

Figure 2.8: Diamond angle-etched microresonator. (a) The diamond microresonator has a diameter of 60 µm. The
mode is confined to the corner, as shown in the inset. This design minimizes interacধon with the surface, but needs
to be rather large to avoid leakage into the substrate. (b) Spectrum measured with loaded coupler. Peak quality factor
is measured to be 170,000. This spectrum is not visible with tradiধonal means.
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Fig. 2.8 shows a diamond microresonator fabricated with Faraday cage angle-etching. A thick alu-

mina mask (∼ 200nm thick) is used during etching to enable this large-scale structure. The mask

has a donut topology to reduce the surface area of mask material, thereby eliminating micromasking

due to re-sputtered mask. The mode sits in the corner of the microresonator, relatively deep within

the diamond. This type of resonator design minimizes interaction with the surface and can poten-

tially enable very high quality factors. However, the tradeoff with this approach is that the optical

mode sits deeper inside the resonator, increasing the mode’s effective index and minimizing cou-

pling overlap. Using a loaded fiber coupler, the refractive indices are brought closer together and the

modal spectrum of the resonator can be probed. In this case, peak quality factors of 170,000 were

recorded for a device of 60µm diameter at telecom wavelengths. Improved fabrication techniques

(for example, ion beam etching) should see this quality factor only increase.

In summary, we have demonstrated a versatile technique which enables coupling from an opti-

cal fiber to a free-standing high-index micro-resonator with peak efficiency approaching 80%. This

result enables the rapid and large-scale optical probing of material systems useful in nonlinear and

quantum optics such as diamond 25, chalcogenides 23, lithium niobate 177, or III-Vs 126. Shorter oper-

ating wavelengths for quantum photonics with single-photon emitters like NV centers in diamond

micro-cavities can be obtained by fabricating the loader waveguide with high-index materials trans-

parent at visible wavelengths 134,39. Arrays of devices can be accessed by modifying this approach

to work with dimpled optical fibers 121, where the loader waveguides are fabricated with a radius of

curvature matched to the dimple. Furthermore, the device can be tailored to the specific resonator

by modifying the geometry of the coupling region, leading to highly efficient coupling directly to

optical fibers.
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3
Fabrication techniques

Single-crystal diamond is still an exotic newcomer to the pantheon of semiconductor materials. Un-

like other materials, such as silicon, its growth process is notoriously slow and expensive, relying on

a diamond seed crystal and a chemical vapor deposition process to grow the crystal atom-by-atom.

Crucially for photonics, diamond lacks a reliable thin-film technology, where a high-quality layer

of dielectric can be grown or transferred on top of another material. Such a thin-film technology is

used in the popular silicon-on-insulator (SOI) and silicon-on-sapphire (SOS) platforms, where the
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silicon device layer rests on top of a dissimilar dielectric (silicon dioxide and sapphire, respectively).

The dielectric spacer is of a lower refractive index than the silicon, providing optical mode confine-

ment for etched photonic structures. An analogous commercial platform does not exist in diamond,

although some research groups have made progress applying an ion implantation and liftoff process

similar to the one used to fabricate SOI wafers 141.

Beyond the basic requirement of a scalable material platform, diamond fabrication itself needs

to be extensively developed in order to meet the device specifications. For optical devices in particu-

lar, etch sidewalls must be very smooth to minimize scattering losses, and critical dimensions must

be precisely replicated in order to have reliable translation of design to reality. In other scenarios,

the challenge becomes finding an etch mask which can withstand the unforgiving diamond etch

chemistry and yield large diamond structures with minimal mask deposition. In this chapter, we will

discuss various techniques which we have developed to meet the challenges of diamond processing,

from etch optimization to application-specific solutions.

3.1 Faraday cage angle-etching

High-quality heteroepitaxially grown substrates, from III-V semiconductors such as GaAs/AlGaAs

to the readily available silicon-on-insulator (SOI) platform, form but a short section of the list of

materials with attractive electro-optical, mechanical, piezoelectric, or other properties useful in

nano-devices. These thin film structures, on the other hand, enable the necessary three-dimensional

architectural control required for the isolation of the active layer from the bulk substrate. For nanome-

chanics, access to the mechanical degrees of freedom often requires the physical separation of struc-

tures from the host, such as in suspended beams, cantilevers, and membranes 51. Nanophotonics,

likewise, requires light confinement due to either total internal reflection or distributed Bragg reflec-

tion 84. Although a heterolayer structure composed of materials with distinct photonic or phononic
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Figure 3.1: Overview of Faraday cage angled-etching (a) 3D simulaধon of reactor chamber with an argon plasma
and a central Faraday cage (details in text). (b) Schemaধc of angled-etching. The ions, directed by the equipotenধal
on the cage boundaries, are incident upon the sample at an angle. The etch mask defines the shape of the structure.
(c) Examples of different cages used for angled-etching, including (i) a triangular cage with a fine mesh (ii) a wrapped
cage with a coarse mesh and (iii) a molded cage with a medium mesh, with a shape maintained by retaining plates.
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properties can suffice to make these devices, a common route is to go one step further and remove

(sacrifice) the layer immediately underneath the device with a selective, isotropic etch, thereby sus-

pending the structure in air. For the most part, this design constraint severely restricts the use of a

wide range of materials, like the metal oxides (LiNbO3, BaTiO3), group IV (SiC or diamond), III-V

(GaN), II-VI semiconductors (PbS, CdS), and other high quality single crystals (quartz, sapphire)

due to the difficulty of growing thin films (∼1 μm) on host substrates at requisite quality and crys-

tallinity. Nonetheless, the push for chip-scale devices made out of these materials has not faltered,

with recent demonstrations of thin film technologies (i.e. crystal-ion slicing for complex metal ox-

ides 105,82,81 and diamond 196,108, alternative preparation from the bulk66,183) enabling the fabrication

of nanophotonic devices 179,177,101, albeit at lower quality than commercially available bulk substrates.

Outside of the thin film paradigm, several pattern transfer techniques with three-dimensional

control have been developed. A commonality across a number of these methods (which this work

shares) is the modification of the ion angular distribution during etching. This includes techniques

such as Reactive Ion Beam Etching (RIBE) 102,36, ion-sheath sculpting 170, passivation gas flow and

DC bias control 176, and focused ion beam etching9,14,197. A second class of methods relies on an

anisotropic etch followed by a second isotropic etch, where the layer of interest is shielded from

etching by a protective coating 119. Although this technique requires favorable etch chemistries, it has

recently seen extension to new platforms like diamond 89,88.

In this chapter, we study the physics and ion dynamics of a new etching configuration - Faraday

cage angled-etching (FCAE). Specifically, a Faraday cage is placed inside an ICP-RIE etch chamber

during processing, with the sample placed therein. After the plasma is struck, an equipotential de-

velops at the cage boundaries, resulting in a field-free region inside the cage with electric fields point-

ing normal to its faces 18,38,148,83,28. Ions entering from the plasma then get directed toward the sample

at an oblique angle of incidence, undercutting the structure and freeing it from the substrate upon

completion (Fig. 3.1(b)), effectively fashioning a device from the bulk. Building on initial demon-
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strations in diamond single crystals28,15, free-standing mechanical cantilevers are shown in silicon

and quartz. The effects of varying cage parameters on silicon angled-etching are observed, driving

cage optimization. Finally, multiphysics simulations of the dynamics of FCAE elucidate the physical

processes affecting etch performance.

3.1.1 Fabrication methods

Faraday cages built for etching typically consisted of an aluminum base plate with an aluminum

mesh arranged around the sample etching region in the shape of a cone or a triangular prism, though

in principle other geometries may be interesting 38,83. Fig. 3.1(c) shows several different cage construc-

tions. Meshes (TWP Inc.) used in the experiment had wires of∼400 μm diameter at a∼1.6 mm

pitch (coarse),∼250 μm diameter and∼635 μm pitch (medium), or∼50 μm diameter and∼125 μm

pitch (fine). Coarse and medium sized meshes could be pressed and molded into shape, while fine

meshes required some underlying structure to provide support. The cages were constructed in a va-

riety of sizes, with the only significant limitation being the height of the etching tool’s load-lock (the

smallest cage was∼7 mm tall and the largest∼18 mm).

Fig. 3.1(c,i) shows a simple, folded mesh over a base support, and Fig. 3.1(c,ii) shows a coarse

meshed wrapped around a large aluminum base. Panel (iii) shows a molded-mesh cage design. The

mesh is created by pressing it against two custommetal dies, although it can also be done by hand.

Because of the modularity of this design it is easy to swap out meshes constructed for different etch

angles. The retaining ring around the mesh (Fig. 3.1(c,iii)) provides stability and reduces movement

during loading and unloading; likewise, directly affixing the mesh to the carrier wafer via an etch-

compatible adhesive maintains angled-etching functionality and placement stability.

Angled-etching of devices follows a process flow similar to standard lithography28. First, a hard

mask is defined either through photolithography or electron beam lithography (Fig. 3.1(b, i)). Once

defined, the sample is etched vertically in order to ensure clearance from the substrate (Fig. 3.1(b, ii)).
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Figure 3.2: Angled-etched devices (leđ, nanomechanical canধlevers, right, opধcal resonators) in different materials.
(a) Structures etched in diamond, following the recipe in the text. The lines in the substrate visible on the canধlever
device are from the coarse cage used to etch, which impacts the ion trajectory. The opধcal resonators are supported
by flared-out secধons in the mask, which transfer to pedestals for an appropriately-ধmed etch.25. Silicon (b) and
quartz (c) canধlevers,∼ 40μm and∼ 10μm long, respecধvely. All the opধcal resonators pictured support modes in
the telecom wavelength range.
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After this step, the sample is placed inside a Faraday cage and etched at an angle, often with the same

recipe used to etch vertically (schematically shown in Fig. 3.1(b, iii)). Typically, the extent of etching

is recorded via scanning electron microscopy (SEM) in order to time the release of the structure

precisely. This becomes especially important for devices where thin supporting regions underneath

the device need to be maintained 25,100. After this step is run to completion, the mask is removed.

Diamond angle-etched devices were first demonstrated for quantum photonics applications 28,67,15

and have since shown promise as nanomechanical resonators 30 and high quality factor optical cavi-

ties 25. For completeness, we describe the process here. A smooth, polished (<1 nm rms roughness)

diamond surface is first cleaned in a refluxing mixture of equal parts perchloric, nitric, and sulfuric

acid 8. After this, it is placed in a boiling piranha mixture (3:1 sulfuric acid to hydrogen peroxide) be-

fore being rinsed and sonicated in solvent, then dried. A thin layer of titanium (∼15 nm) is then de-

posited on the surface. This helps with resist adhesion and charge compensation during the electron

beam lithography. A negative-tone electron beam resist is spun on (FOx-16, hydrogen silsesquiox-

ane, HSQ) to a thickness of∼1 μm.

After the resist is exposed and developed, the titanium layer is first removed with a brief Ar/Cl2

plasma etch (Unaxis Shuttleline) at forward power of 250W and RF power of 400W at 8 mTorr.

This ensures the smooth removal of the titanium underlayer. The sample is then etched with an

oxygen chemistry flowing at 50 sccm and maintained at 10 mTorr. The forward and RF powers are

held at 100W and 700W, respectively. Once the vertical etch has been completed, the sample is

placed in the appropriate Faraday cage. The same oxygen etch is run, except for an additional slow

flow (2 sccm) of either Ar or Cl2 to mitigate micromasking 28. Once the etch reaches completion, the

mask is removed in HF. For sensitive applications, critical point drying can increase the device yield.

Free-standing silicon devices are important in a number of applications and are already made

possible by the readily available silicon-on-insulator platform. However, this approach may be in-

adequate for some select uses, including mid-infrared photonics 161,111,112 or mechanical resonators
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with small vertical cross-section 114. Angled-etching of silicon can circumvent the material thickness

restrictions inherent with SOI technology, realizing structures with both lateral and vertical dimen-

sions on the order of tens of nanometers 100. Angled-etching of silicon cantilevers (Fig. 3.2(b)) was

based on an SF6/C4F8 plasma chemistry (STSMPX/LPXRIE). Two mask materials were shown

to have sufficient selectivity: a lifted-off sputtered alumina mask, well known to be highly selective

to this chemistry, and a HSQmask. Fluorine chemistries are commonly used to etch silicon but the

formation of a passivation layer must be well-controlled in order to prevent chemical undercut. The

mask was removed with a standard hydrofluoric (HF) etch or a vapor HF etch, in the case of HSQ.

The vertical etch flowed 130 sccm of C4F8 and 80 sccm of SF6 at a pressure of 10 mTorr, RF power of

1000W, and platen power of 12 W on a silicon carrier wafer.

The same plasma parameters were used for the angled etch but a quartz wafer was used as the car-

rier. This reduces the loading due to Si etching and effectively frees more SF6 molecules for etching.

Because the angled etch of SF6 radicals is directional while passivation layer formation is isotropic, a

shadowing effect arises from the blocking of etching ions by the structure. In order to compensate

for this to allow for a reasonable etching rate, more SF6 must remain in the plasma, either by increas-

ing the flow or switching carrier wafers. Using this recipe, silicon waveguides and high quality factor

optical resonators have recently been demonstrated 100.

Quartz is an interesting material platform, widely used as a mechanical resonator in micro-electromechanical

systems (MEMS) and other technologies 31. However, lacking a native thin-film technology, it is dif-

ficult to integrate into nano-scale systems. Motivated by its excellent material properties, we realized

quartz nanobeam cantilever resonators via angled-etching 159 (Fig. 3.2(c)). A metal hard mask was

patterned using a bi-layer poly(methyl methacrylate) (PMMA) liftoff procedure (cantilevers) or di-

rect etching using an e-beam resist as a mask (optical resonators). The pattern was then transferred

to the quartz using a CHF3-based recipe at 10 mTorr pressure (STSMPX/LPX ICP-RIE). The ICP

power was held at 600W and the platen at 90W. Argon, CF4, CHF3, and H2 were all flowed at 6,
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2, 50, and 15 sccm respectively. Due to the physical milling introduced by angled-etching and the

small loadlock (∼8 mm) on this etcher, the angled-etching was completed in a different machine

which could accommodate a larger cage design (Nexx ECRRIE). This etcher relies on a different

mechanism to generate a plasma (electron-cyclotron resonance), yet was still shown to be suitable for

angled-etching. The microwave power was set to 600Wwhile the platen RF power was set to 90W

and the pressure was held at 10 mTorr. The ratio of gasses remained the same, with the overall flow

rate reduced by a factor of two to accommodate machine constraints.

3.1.2 Etching simulations

The effect of the Faraday cage on the reactor potential was investigated with COMSOLMulti-

physics using the plasma physics module75. This simulation technique has been shown to yield

results of reaction parameters with reasonable agreement to experiment75,43 and can be extended

to couple to models describing feature profile evolution74. The modeling was preformed using a

standard Gaseous Electronic Conference (GEC) reference cell with argon gas, a chemistry which

qualitatively captures the impact of the presence of the Faraday cage. The simulation was performed

under axial symmetry, with the cage wires forming rings around the sample. No biasing was cou-

pled into the simulation, so the forward power remained at effectively 0W. Figs. 3.1(a) and 3.3(a)

show the potential distribution of the plasma with a cage placed inside. The cage wires are main-

tained at ground while the plasma potential develops in the simulation. The etcher frequency used

in the simulation is the standard 13.56 MHz. The coil current is maintained at 100 A, and the power

within is monitored until convergence (typically measured∼2000W). As expected, the plasma po-

tential decreases as the plasma gets closer to the cage, creating electric fields normal to the cage face.

Towards the bottom of the cage, the plasma sheath starts to resemble the sheath at the carrier wafer,

flattening out. As the sheath moves up the cage, it follows its contours more closely, resulting in

electric fields that are more normal to the cage face.
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Figure 3.3: Simulated voltage drops inside the Faraday cage. (a) Simulated etching potenধals for a coarse cage (leđ)
and fine cage (right). The coarse cage has a larger potenধal gradient within, influencing the path the ion takes. The
simulated ion trajectories from a single point outside the cage are overlayed on the right hand side, with coloring to
provide visual contrast. All simulated cages have a cage angle of 60 degrees. (b) Voltage drop inside the cage rela-
ধve to the etch potenধal (squares, leđ axis) and resultant mean incident ion etching angle, defined from the normal
(diamonds, right axis).
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Figure 3.4: Detailed results from changing cage parameters. (a) Incident angle/ion energy histograms for simulated
cage designs with fine (leđ) and coarse (right) mesh spacings and raised (boħom) and lowered (top) samples. The ion
data are taken upon collision with the sample area. The angle-energy histograms show clear ”banding” of the ions
due to the effect of the Faraday cage wires. Notably, both the raised sample posiধon and coarse mesh spacing in-
crease the variability in angle/momentum space. Generally, higher ion energy (equivalently, momenta) can negaধvely
effect mask selecধvity as the etch becomes more physical. (b) Averaged ion incident angle for the cage designs in
part (a), corresponding to their number. (c) Head-on SEM images of canধlevers etched in (i) a raised, coarse cage,
(ii), a lowered, fine cage, and (iii) a raised, fine cage. The angle ϕ is defined as the observed etch angle. The SEMs
show that ϕ varies in accordance with simulaধon. The visible sidewall roughness seems to be a characterisধc of the
parধcular etch and is not greatly affected by cage design.
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By changing the simulated cage geometry, we can investigate the effects of different cage types on

the potential distribution using straightforward simulation parameters. In particular, we change the

mesh parameters by changing the thickness of the wires or their spacing. Another parameter of in-

terest is the sample height within the Faraday cage. This is changed by placing a metallic (grounded)

block within the cage, and then recording the final ion velocities upon hitting the top surface, where

the sample presumably lies. Throughout the simulations, the mesh face angle is maintained at 60

degrees. The impact of the mesh angle is not explicitly studied, as the etch angle has been seen to be

proportional to the mesh face angle previously28.

To study the action of the ions under the cage potential, the motion of ions was simulated us-

ing a particle tracing module in COMSOL. After releasing the ions (argon) from the sheath with a

Maxwellian velocity distribution (at a temperature of 400 K), their velocity and position is charted.

Once the ion intersects with a defined sample region, its velocity vector and position is recorded to

generate an angle/energy ion distribution map. This simulation procedure is repeated with the dif-

ferent cage geometries, showing stark differences in the incident angle distribution, as well as ion

energies.

3.1.3 Faraday cage etching: lessons learned

Synthesizing the simulation results and incorporating experimental evidence, we can make definite

statements on the plasma physics and ion dynamics, whose qualitative ideas transfer to the etching

of many other material types in FCAE. To begin with, the simulations (Fig. 3.3) show that coarser

meshes allow the leakage of potential past the mesh, resulting in a secondary ion sheath inside the

cage. This implies the existence of a secondary electric field pointed normal to the carrier wafer, after

the initial electric field which accelerates the ions and gives them their angle. This secondary field is

detrimental to the function of the cage, adding a vertical component to the incident ion angle. In

Fig. 3.3(a), the simulated cage potentials show the elevated internal potential in the coarsely-spaced
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Figure 3.5: Impact on sample height and incident angle across a sample. (a) Incident ion angle as a funcধon of radial
posiধon on the sample for samples on the carrier (leđ) and placed on a 10 mm pedestal (right). The boħom shows the
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mesh. Fig. 3.3(b) makes the link between the internal secondary sheath and ion incident angle ex-

plicit. As the mesh spacing increases, the fractional voltage drop (defined as the maximum voltage

within the cage divided by the maximum voltage outside the cage) increases to as high as 40%. Like-

wise, as this internal voltage drop increases, the average incident ion angle decreases, as the ions are

deflected to a more vertical incidence (here defined as zero degrees).

By looking at the ion distribution in both incident angle and energy, as in Fig. 3.4(a), we can fine-

tune our observations. An ideal Faraday cage design would show a narrow distribution of ions in

both angle and energy space, implying that all incident ions are similar in both direction and mo-

mentum, providing a well-defined and controlled etch. In reality, we see that finer meshes are seen

to create a larger incident etching angle on the surface, closer to the value prescribed by the cage

geometry, although they also create tightly-defined “bands” of angles. These bands are a result of

the local deflection of the trajectory of the ions due to the mesh wire itself 148. Finer meshes have

more wires per unit area, resulting in more of these bands. However, the larger wire sizes of coarser

meshes tend to bend the trajectory for a longer time, increasing the glancing angle. To simplify the

interpretation of these results, we project the ion distribution onto the angular axis, averaging over

the different ion energies, as in Fig. 3.4(b). The corresponding distributions carry the same label

as in part (a). These simplified charts show the decrease in standard deviation of incident angle af-

forded by finer meshes (labels 1 and 3). They also simultaneously show the increase in mean ion

etch angle as the sample is raised within the Faraday cage, an effect which is further explored in Fig.

3.5. In a real chamber, a DC bias is expected to increase the electric potential gradient, resulting in

a mean incident ion angle closer to that prescribed by the Faraday cage. The stronger electric fields

should also reduce the perturbation on the ion trajectories caused by the cage wires, resulting in nar-

rower ion distributions.

To support the results from these simulations, silicon cantilever samples were fabricated with the

recipe outlined beforehand and imaged at head-on incidence to record the etch angle, defined as ϕ in
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Fig. 3.4(c). A coarse mesh was observed to increase the verticality of the etch (larger ϕ, Fig. 3.4(c,i))

even though the sample was raised. Positioning a sample lower while using a fine mesh made the

etch more vertical (Fig. 3.4(c,ii), while raising the sample within a fine mesh gave the most acute etch

angle, Fig. 3.4(c,iii). This corroborates exactly the results from simulation, where the incident angle

changes starkly based on sample positioning and mesh type (Fig. 3.4(a,b)).

The etch rate and etch angle at different points inside the conical Faraday cage was experimen-

tally shown to vary dramatically due to the asymmetry of the cage itself and off-center placement

of the sample within. In order to mitigate the effects of this so-called etch gradient, the sample was

etched at intervals of 30 seconds, with rotations of the cage in-between26. Although this process

significantly symmetrizes the etch angle across the device, the etch rate was still observed to be vari-

able, with the highest etch rate in the middle of the device. This is supported by the simulations of

the ion trajectories in Fig 3.5(a). Toward the center of the sample, there is a large flux of ions coming

not only from the side of the cage (at an angle), but also from the top of the cage, where it curves to

become horizontal (directing ions downward). Capping the top of the cage with a shield can pre-

vent these stray ions from entering the cage. Experimentally, it was also observed that cages which

resulted in more acute etch angles ϕ had larger etch gradients. This can also be observed in the sim-

ulation data, as the angle/ion energy histogram displays a large spread of incident ion angle for sam-

ples positioned higher and with tighter meshes. Looking across the sample, Fig. 3.5(a) shows just

how sample position affects ion properties. For low-positioned samples, the angle distribution of

ions is constant across the sample. There is some modulation of flux, as seen in the bottom chart,

possibly due to the effects mentioned beforehand. Highly-positioned samples show a larger varia-

tion in flux and a large change in incident ion angle, especially towards the edge of the sample. In

general, from Fig. 3.5(b), it can be seen that higher-positioned samples tend to not only have higher-

energy incident ions, but a larger spread of incident angles and energies as well, possibly leading to

less-controlled etching conditions.
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It is a well-known result from ion-beam etching that physical mask milling changes with changes

in etch angle. Within FCAE etching, the selectivity of the etch decreases as more acute etch angles

(ϕ approaching 0) are attempted 18. This effect is seen qualitatively in diamond devices using both

HSQ and alumina as a mask. Furthermore, because of the milling action that occurs when etching

ions are incident on the mask, acute etch angles are also associated with an increase in micromasking,

roughening the surface of the etched device significantly. Likewise, increasing the mask coverage

of the sample leads to an increase in micromasking as more mask particles are resputtered into the

chamber. This can be mitigated by designing patterns with less mask area.

With this in mind as well as the results from Fig. 3.5(a), angled-etching may also be used to non-

invasively engineer continuous etch profiles on a sample surface. This can be accomplished by ap-

propriately shaping the design of the Faraday cage. In our simulations, we have shown that even a

cage without bends (and therefore a nominally constant radius of curvature equal to zero) can cre-

ate a spatially-varying angular and flux distribution in ions, thereby modifying the local etch rate.

Adding curved components in the Faraday cage can create a lensing effect, in analogy with electron

and ion optics. This can be used to three-dimensionally pattern a surface without any lithographic

steps96.

3.2 Reactive ion-beam undercut etching

Although an excellent method for prototyping on a small scale, Faraday cage etching suffers from

severe uniformity and repeatability issues, limiting its use outside of research. We explore a new

technique for creating freestanding photonic and mechanical nanostructures via reactive ion beam

etching (RIBE), which provides excellent uniformity and wafer scale processing. RIBE is a derivative

of ion beam etching (IBE) or ion beammilling, where a broad area ion source is used to collimate

and direct a beam of high energy ions of a noble gas such as Ar, Xe or Ne towards a target to physi-
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cally remove material via sputtering. Ions are extracted from a plasma source by a set of electrically

biased grids. Voltage applied to these grids controls the ion energy and the divergence of the ions

within the beam. The ion flux exiting the source, or the beam current, is determined by the ion den-

sity set by the plasma source. Therefore, in an IBE system, the ion energy, flux and divergence can

be independently set over a wide operational range enabling a uniquely unrestricted ion etching

process. The use of reactive gases allows for more versatile etching of an expansive list of materials,

otherwise difficult to etch with traditional IBE relying on physical sputtering. Fundamentally, an

RIBE system is an IBE system whose inert gases have been replaced by reactive gases, such as chlo-

rine or oxygen. The distinction comes in how the plasma is generated. In typical Kaufman DC ion

sources, a hot filament is used to create a plasma which is incompatible with reactive gases. For this

reason, RF sources are utilized for reactive gases, either Electron Cyclotron Resonance (ECR) or In-

ductively Coupled Plasma (ICP). CAIBE is a version of reactive ion beam etching, however it still

uses a DC ion source of inert gases (Ar, Xe or Ne), while injecting a directed spray of the reactive gas

towards the etch target. The kinetic energy of the inert gas ions exiting the ion source creates col-

lisional fragmentation with the reactive gas and the resulting ions are directed towards the sample

to perform the etch. Both techniques can yield great results, however the etch mask selectivity and

overall wafer scale uniformity are better with RIBE 156.

Fig. 3.6 depicts the fabrication procedure to create free- standing optical and mechanical nanos-

tructures via reactive ion beam undercut etching, from now referred to as Reactive Ion BeamUnder-

cut Etching (RIBUE). First, an etch mask is patterned onto the sample surface (Fig. 3.6(a)) followed

by a top down etch with the sample mounted on a rotating sample stage perpendicular to the ion

beam path as seen in Fig.3.6(b). Once the desired vertical depth is achieved, the sample is tilted to

obtain an acute angle with respect to the collimated ion beam, as seen in Fig.3.6(c). Undercut etch-

ing is performed with the sample stage rotating, uniformly etching underneath the mask. Once the

desired undercut has been achieved the etch mask is removed yielding a free-standing nanostructure
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as seen in Fig.3.6(d).

(a)

Figure 3.6: Schemaধc of reacধve ion beam undercut etching process. (a) Mask (typically niobium) is defined via pat-
tern transfer. (b) The sample is mounted perpendicular to the ion beam path and etched on a rotaধng sample state.
(b) The sample is ধlted to the desired etch angle and the stage conধnues rotaধng, uniformly etching underneath the
etch mask. (d) The mask is removed, yielding an undercut structure. Etching may conধnue unধl the structure under-
neath is completely etched away. By varying the mask size, support regions may be defined, yielding freestanding
nanostructures on a bulk substrate.

3.3 Thin film fabrication

The final diamond fabrication process in common use in the Lončar lab is termed “thin film fabri-

cation”, referring to the preparation of a thin film of diamond from bulk by painstaking polishing,

etching, and transfer. This technique, although it has the lowest yields and requires the most labor,
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Figure 3.7: Schemaধc flow-chart of thin film fabricaধon. (1) The diamond is cleaned and placed on a sapphire sub-
strate. (2) The diamond is thinned down via ICP etching and transferred to a new substrate. (3) Resist is paħerned on
the diamond. (4) The sample is etched. (5) The coupling waveguides which go to the end of the chip are defined and
the sample is cleaved.

has resulted in the highest quality factor diamond microresonators, from visible to the telecom. The

core motivation of this technique is to reproduce a diamond thin film architecture as if the diamond

were grown as a single crystal on the substrate of choice - leading to a diamond-on-insulator (DOI)

device. Unlike the angled-etching methodologies, DOI devices are attractive because they emulate

photonic architectures which are already well-developed, from coupling waveguides to spot convert-

ers. However, they also present researchers with challenges, from fabrication to design.

For convenience, a summary of the fabrication process follows in 3.3, presented without detailed

notes.

1. Diamond preparation

(a) Clean received thin diamond plates in refluxing acid mixture (1:1:1 nitric:perchloric:sulfuric

acid) for 2 hours

(b) Retrieve thin diamond plates and rinse in DI water

(c) Clean in piranha acid mixture for 15 minutes
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(d) Retrieve and rinse in DI water, then in methanol

(e) Place diamond plates on sapphire carrier wafer, gently blowing dry with nitrogen gun

• If the sides of the plate are not perfectly vertical, place the plate so that the side

with larger surface area is facing up

• Record which side is facing up

2. Diamond etching

(a) Complete one etch cycle

i. 30’ Ar/Cl2 etch at 400W ICP power and 250W forward power

ii. 25’ O2 etch with 700W ICP power and 100W forward power

(b) Remove the diamond from sapphire carrier wafer by placing drops of water on dia-

mond

(c) While diamond is still wet, transfer via tweezers diamond from carrier wafer to pre-

pared piranha solution

(d) Repeat steps 1c to 1e

• Before drying diamond on sapphire wafer, inspect and ensure diamond is facing

opposite direction

• The side with less surface area should be facing up: if the diamond plate is situ-

ated such that there exists a slight overhang, resputtered material can concentrate

underneath, which, upon becoming exposed to the etch, can be re-sputtered

again and cause imperfections on the etched diamond surface

(e) Continue etch cycles until diamond is <2 μm thin

(f) Finish etching diamond to desired thickness with O2 etch only

3. Substrate preparation

(a) Clean and sonicate substrate in solvents, blowing dry
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(b) Immediately before diamond transfer, activate substrate surface with O2 plasma (300

mT, 75 W, 1 minute)

4. Diamond Transfer

(a) Place single drop of hydrofluoric acid on thinned diamond plate

(b) Wait 2-5 minutes, ensuring hydrofluoric acid does not completely dry from film, and

replenishing if need be

(c) Drop water on diamond, which should easily debond from the sapphire carrier, if not,

gently nudge film with tweezer while flowing water over it

(d) Dilute the residual hydrofluoric acid out with water

(e) Bring both diamond and receiving substrate to edge of wafer, using surface tension to

steer the diamond

(f) Bring receiving substrate into contact with water containing diamond, using gravity

and surface tension to transfer diamond from sapphire to substrate

(g) Pipette off excess water from substrate and position diamond film using tweezers or

nitrogen from gun as guide

(h) Finish blowing dry diamond from substrate, at which point the diamond should be

firmly bonded

5. Device processing

(a) Deposit 2-4 monolayers of ALD film, preferably silicon dioxide, for adhesion

(b) Spin FOx-16 resist at 4000 RPM

(c) Bake device for 5 minutes at 90 C

(d) Spin E-Spacer at 4000 RPM

(e) Expose device in electron-beam tool (dose 3000 μC/cm−1, 125 keV accelerating voltage)

(f) Develop in TMAH 1 minuted, followed by DI rinse, then leave in methanol for 3 min-
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utes, finally blow drying with nitrogen

(g) Deposit 2nm of ALD oxide on device for adhesion

(h) Anneal device at 450 C for 1 hour in oxygen atmosphere to anneal ALD film

(i) Prepare doped-glass mode converters per section 3.5

(j) Spin protective photoresist layer

(k) Partially dice chip on backside and cleave

(l) Remove resist and clean substrate

Notable peculiarities of the fabrication process are the lack of a thick protective layer on top,

as well as the preservation of the hard etch mask. In early iterations, a few capping materials were

explored. These have the advantages of both protecting the nanostructures, as well as reducing the

index contrast of the waveguide with the surrounding material, reducing scattering losses. PECVD

oxide is a generally popular choice, but its use in these structures is forbidden because of its relatively

high refractive index - in fact, due to its high silicon content it has a higher index than the doped-

glass waveguides developed in the next section. Polydimethylsiloxane (PDMS) was also explored as

a capping material, due to its ease of use, low refractive index, and transparency at visible, especially

compared to other polymer materials. However, at the high pump powers necessary for nonlinear

optics, devices capped with PDMS quickly failed, as the PDMS absorbed heat and began to burn.

In the end, only a very thin ALD oxide layer is used as a capping layer, mostly for adhesion of the

waveguides to the substrate.

The preservation of the hard mask is another interesting feature of this fabrication. This step is

necessary because all attempts at removing the hard mask (HF, diluted HF, very slow vapor HF,

other wet and dry etch chemistries, sacrificial underlayers) were unsuccessful, either roughening the

waveguides or causing the waveguides to delaminate from the substrate. In the end, the preferred

approach was to make sure that the remaining hard mask had sufficient optical quality, as done

through annealing and surface treatment.
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3.4 Diamond etch mask choice

Unlike the plethora of etch chemistry choices that face the silicon process engineer, the choice for di-

amond is relatively limited. Although an Ar/Cl2-based etch is used to smooth diamond in-between

oxygen etch cycles8, the low selectivity of the etch makes using it in structure definition impractical

(though it is often used to define the hard masks which we will discuss). The etch rate of this process

is also relatively slow, etching 60 nm/minute. This leaves an O2 plasma etch as the etch chemistry

of choice for diamond nanostructure definition. This process was finely tuned to give straight side-

walls and good selectivity for a variety of masks, with typical parameters of 50 sccmO2 in a 4 mT

pressure chamber and ICP and forward powers of 700 and 100W, respectively65. The etch rate of

diamond is typically 160 nm/minute with good uniformity and run-to-run stability. This process is

used across etch modes, for thin-film fabrication, nanostructure fabrication, and even undercut etch-

ing. In some instances, when micromasking or redeposition is an issue, a small amount (typically 2

sccm) of a more aggressive gas is flown into the chamber, typically argon though chlorine has been

used in the past (chlorine sees limited modern use because sub-surface chlorine implantation during

etching can cause charge instability in diamond color centers and even contaminate down-stream

processing tools)40.

With this constrained set of etch chemistries - oxygen with an optional flow of argon - the main

flexibility in process design comes from judicious choice of mask. A review of the oxygen etch chem-

istry with gold, alumina, and oxide masks has been preformed previously65. Of these, alumina

nanoparticles performed the best, but an easy deposition technique was lacking.

The following table summarizes newmasking strategies tried over the course of this PhD. All

masks were defined via etch-transfer, barring the flowable oxide (FOx) mask - they were first de-

posited using the denoted process, then a newmask was written on top in the denoted resist (via

electron- or photo-lithography, as appropriate) and their qualitative results are summarized.
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Mask Dep. Soft Mask Definition Results
FOx-16 Spin-

coat
N/A TMAH

development
Most reproducible mask with acceptable
sidewalls, used in all photonics experi-
ments. Low selectivity. Adhesion issues
remediated by depositing either thin (15
nm) titanium layer or thin ALD of silica
or alumina.

Oxide PECVD MaN 2403 CHF3 or
C4F8 etch

Relatively rough due to poor pattern
transfer fromMaN to oxide. More
selective than pure-FOx

Oxide PECVD FOx-16 CHF3 or
C4F8 etch

Roughness equivalent to FOx-16, but
more selective

Alumina Reactive
Sput-
ter

SPR 220 PR Cl2/BCL3
alumina etch

Roughness equivalent to FOx-16, excel-
lent selectivity, poor critical dimension
transfer. Suitable in applications where
critical dimension tolerance is loose

Gold Electron-
beam
dep.

Shipley 1805
PR

Liftoff Relatively rough, moderate selectivity.
Only good in situations where liftoff is
a convenient fabrication method and
tolerances are loose, alumina masks are
better in all other regards.

Niobium Sputter FOx-16 Ar/Cl2 etch Best selectivity in O2 chemistry (>50:1).
Sidewalls about as smooth as FOx-16
only, but redeposition of mask material is
a larger concern.

Table 3.1: Summary of different fabricaধon approaches towards diamond thin-film devices
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3.5 Mode-converter fabrication for high-power applications

Due to the small size of the diamond substrate, waveguides which extend to the end of the sample

cannot be natively written and defined. To couple light efficiently onto the diamond sample, we

developed a doped spin-on glass process which allows for directly-writeable optical waveguides. This

represents an evolution of previous polymer-based waveguides63, as it has improved power-handling

ability at visible wavelengths.

This waveguide fabrication scheme has significant advantages for integration with delicate de-

vices, as in the case of diamond. Because the process is entirely done without any damaging plasma

etch steps, the quality of the waveguide surface is preserved. Furthermore, the reduction of steps

reduces the fabrication overhead and possibility for errors to accumulate. However, it requires a

careful choice of materials, as polymer waveguides (as used for telecom devices63) can easily burn

up. To this end, an electron-beam sensitive resist must be chosen which has sufficiently high refrac-

tive index to provide the contrast necessary to guide optical modes. Although metal alkoxide-based

sol-gels (such as those that result in alumina or titania structures when processed) have been used as

high -selectivity masks 152,153, their stability in air is low and creating the requisite thick waveguides is

difficult. For this reason, hydrogen silsesuioxane (HSQ), a common spin-on-glass, was used as the

base chemistry for the waveguides. Because annealed HSQ tends to have lower refractive index than

glass 13, titanium butanate added to the HSQ compensates. The ratio of HSQ to titanium butanate

is controlled to maintain acceptable stability in air while still providing the requisite refractive index.

Such sol-gel solutions are prepared immediately before use, having a typical lifetime of <30 minutes.

The exact fabrication process is as follows. After defining and etching a diamond device, align-

ment marks which were written with the diamond structures are first masked off with Kapton tape.

A sol-gel solution is prepared by mixing FOx-16 and titanium butanate (Ti(OBu)4) in a 4:1 ratio.

The titanium butanate increases the refractive index of the final waveguides, ensuring the waveg-

58



uides have a higher index than the substrate. Next, the diamond sample is placed on a spinner and

brought up to 1000 RPM. Then, 2 drops of the sol-gel solution are dropped on the diamond sample

as it begins to accelerate to 3000 RPM. The sample spins at 3000 RPM for 30 seconds. The sample

is not baked, but undergoes an O2 plasma treatment (300 mT, 75 W, 30 seconds) after the Kapton

tape is removed to increase adhesion of conductive polymer to the masked area. To protect the de-

posited sol-gel during plasma treatment, a dummy piece of silicon is placed on top of the sample,

exposing only the area where the tape was removed. The sample is then taken back to a spinner,

where E-Spacer (ShowaDenko) is spun on at 4000 RPM. The waveguides are written at a dose of

6000µC/cm2. The sample develops for 10 seconds in TMAH, followed by a rinse in DI, then a rinse

in methanol. To reduce absorption, the waveguides must be annealed. The anneal was limited to

460 C in O2 for three hours to avoid burning the diamond. Ideally, a rapid thermal anneal to 1100 C

in O2 can completely oxidize the waveguides73, though the performance improvement over the low

temperature anneal was negligible.

Typically, waveguide cross-sections for these waveguides are defined to be 2µm width by 1.5µm

in height. The height is set by the concentration of Ti(OBu)4 and spin speed, while the width is

defined during e-beam writing. This cross-section is optimized to ensure maximal coupling into a

710 nm wavelength laser beam focused on the facet. Fig. 3.8 demonstrates a waveguide-resonator

system with light coupled in, showing that light is well-guided in the system. The quality factor of

the resonator was 40,000, limited by bending losses due to the low index contrast. In a straight end-

to-end measurement, the input/output coupling loss was limited to <3 dB/facet, while the loss due

to the waveguide was estimated to be between 0.1 and 1 dB/cm.

As an outlook, sol-gel based photonics have potential for more than just passive devices. Here,

they fill the role of an easy-to-fabricate interface between an integrated, on-chip photonic compo-

nent and free-space optics. Sol-gel waveguides can easily serve as a drop-in replacement in commer-

cial photonic systems where such an interface is a common requirement. They can also fulfill the
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Figure 3.8: Micrograph of sol-gel based resonator with visible light coupled in. The scaħered visible light shows liħle
loss. The diameter of the microresonator pictures is 100µm and the recorded quality factor was 40,000.

functions of other passive photonic devices, such as arrayed waveguide gratings. However, the bene-

fits of the platform are not limited there, as the material degree of freedom allows the incorporation

of doping ions directly into the waveguide, specifically ions such as Er3+, which are used in telecom-

munications for signal amplification. Such devices have been reported in the literature, typically

of glass-based sol-gels 188,118,175,20, in microtoroid geometries 187,76 and directly integrated on silicon

photonics 136 for on-chip lasers. The ease of fabrication and material versatility positions sol-gel pho-

tonics is an area ripe for future discovery.
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4
Raman lasing in diamond

In contrast to passive or linear optical devices, nonlinear optics concerns itself with the generation

of new colors. In this chapter, the focus rests on the Raman process, where a pump photon interacts

with a phonon in the material, changing the photon’s energy. This process can involve the creation

of a phonon (resulting in a down-shifted, Stokes photon) or the absorption of a phonon (resulting

in an up-shifted, anti-Stokes photon).

Phonon-mediated light scattering can be further typified into two separate processes: Brillouin
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scattering and Raman scattering. The former involves phonons from the acoustic branch, while

the latter involves phonons in the optical branch. Because Brillouin scattering relies on acoustic-

branch phonons, the energy imparted from the phonon is relatively low (a typical acoustic phonon

is on the order of GHz, as the name suggests relating to the speed of sound in the material) Further-

more, the energy of an acoustic phonon is strongly dependent on its wavevector, meaning that in

a phonon-mediated scattering process both energy and momentummust be conserved. This ad-

ditional constraint makes the construction of Brillouin lasers difficult, although there have been

excellent demonstrations to-date 155,106,107,154.

The energy of the optical phonon, by contrast, is relatively independent of the wavevector. This

means that Raman scattering is an inherently phase-matched process, where as long as the energy is

conserved in the process, the momentum will be as well. Additionally, the high energy of the optical

phonons means that the frequency shift imparted on the photon is orders of magnitude greater than

that for Brillouin scattering (40 THz for diamond, 18 THz for silicon).

4.1 Raman lasers

Under certain conditions, the Raman scattering process can be be amplified, leading to a situation

where scattering feeds back on itself in a process akin to lasing. In a material with refractive index at

the pump nP and at the Stokes nS, we can derive a gain coefficient for such a process, given by 123

gs =
4π2ωSNT2
nSnPc2mΩR

(
dα
dq

)2
(4.1)

where N is the density of atoms,m is the reduced mass, and ΩR is the angular frequency of the

Raman shift. The angular frequency of the Stokes output is given by ωS. dα/dq is the polarizability

of the optical phonon and tends to increase when the pump frequency approaches the bandgap.

Looking at this equation, we can see why diamond has the highest gain coefficient of knownmate-
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rials: the carbon atoms which make up its lattice are densely-packed yet still light. These attributes

also explain its high phonon frequency, or Raman shift 123.

We can derive the evolution of the intensity of a pump beam and a Stokes signal shifted exactly

ΩR away with the following set of coupled differential equations, whereAi describes the electric field

in mode i and αi the loss 113:

∂|Ap|2

∂z
= −αp|Ap|2 − (gR(ω)/Aeff)|Ap|2|As|2 (4.2)

∂|As|2

∂z
= −αs|As|2 + (gR(ω)/Aeff)|Ap|2|As|2 (4.3)

Specifically, for a microresonator system like the ones we are dealing with, the threshold of the

Raman laser PT ≡ |Ap|2T is given by 165

PT =
π2n2

λPλR

Veff

ΓBgs
QP
c

(QP
T)

2QS
T

(4.4)

Where nP is the effective index at the pump, λP and λS are the pump and stokes wavelengths,

respectively, and Veff is the effective mode volume. Γ refers to the spatial overlap between the pump

and Stokes modes, with B a correctional factor for internal backscattering. The quality factors for

the pump and stokes are denotedQP andQS, respectively, where Qc distinguishes coupling quality

factor fromQT, or total quality factor. The threshold is proportional to Q2/V, emphasizing the

important role device processing has in attaining lasing behavior.

More generally, a Raman laser can occur in any cavity system where there is a buildup of optical

energy in at least one of the optical modes, given a high enough quality factor. Tabletop systems

(where Veff is much larger) use mirrors to form the cavity system.

A final important consideration for Raman lasers is the direction of emission of the Stokes beam.

Fig. 4.1 visualizes scattering efficiency of the Raman process in cubic crystals (in this case, diamond)
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Figure 4.1: Reproduced from Mildren & Rabeau 123 with permission. Scaħering efficiency
(∑

j |esRjei|2
)
/d2

as a funcধon of input and Stokes beam polarizaধons for different beam orientaধons relaধve to the crystal axis. (a-
c) For an incident beam along a <100> axis to (a) axially-directed scaħering (b) perpendicular scaħering in <100>
and (c) perpendicular scaħering in <110>; (d-f) For an incident beam along a <110> axis for (d) axially directed (e)
perpendicular in <110> and (f) perpendicular in <100> directed scaħering; (g-i) For an incident beam along a <111>
axis for (g) axially directed, (h) perpendicular in <112>, and (i) perpendicular in <110> directed scaħering.
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along pump/Stokes directions for different crystal orientations. Depending on waveguide geometry

and orientation, the Raman process can be suppressed or enhanced.

4.2 Raman in diamond

Diamond serves as a compelling material platform for Raman lasers operating over a wide spectrum

due to its superlative Raman frequency shift (∼40THz), large Raman gain (∼10 cm/GW@∼1 µm

wavelength) and ultra-wide transparency window (fromUV (>220 nm) all the way to THz, except

for a slightly lossy window from∼ 2.6 − 6 µm due to multiphonon-induced absorption) 123,55.

Furthermore, the excellent thermal properties afforded by diamond (giant thermal conductivity

of∼1800W/(mK)@ 300K and low thermo-optic coefficient of∼ 10−5K−1) 123,86 along with

negligible birefringence 116,55 make it an ideal material for high-power Raman lasing with greatly

reduced thermal lensing effects 123,116.

The availability of CVD-grown, high-quality polished, single-crystal diamond plates has en-

abled the development of bulk Raman lasers using macroscopic optical cavities across the UV 58,

visible 124,125, near-infrared 131,94,149,150,54,182 and even mid-infrared 151 regions of the optical spectrum.

Although showing great performance with large output powers (manyWatts) 182 and near quantum-

limited conversion efficiencies 125,149, most operate in pulsed mode in order to attain the very high

pump powers required to exceed the Raman lasing threshold 125,58,54,182. Demonstration of continuous-

wave diamond Raman lasing has been challenging, with very few reports 116,131,94. Bulk cavity systems

also require precise alignment and maintenance of optical components for the laser to function ro-

bustly.

Translating Raman laser technology onto an integrated optics platform where the light is con-

fined to nano-waveguides 19,145 and/or high quality-factor (Q) micro-resonators 165,93,171,147 can greatly

reduce pump power requirements and enable stable continuous-wave (CW) operation without the
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need for any complicated alignment of optical components. Such compact micro-resonator-based

Raman lasers, especially if integrated on-chip, might be particularly useful for spectroscopy and

sensing applications in harsh environments 135,133 as well as medical device technologies 135,122. To date,

chip-based Raman microlasers have been demonstrated in silicon racetracks 147,146 and photonic crys-

tals 171, and silica microtoroids93. Such telecom-laser-pumped devices have shown CW lasing with

low threshold powers (µW−mW), albeit at limited Stokes wavelengths around∼ 1.6 − 1.7 µm,

and cascaded operation out to∼1.85 µm 147. This is due to the relatively low value of the Raman

frequency shift in silicon (∼15.6THz) and silica (∼12.5THz) compared to diamond (∼40THz).

Moreover, the losses due to two-photon and free carrier absorption in silicon need to be mitigated

via carrier extraction that complicates the device layout and fabrication process 145,171,147,146. Silica-

based devices require ultrahigh-Q cavities (∼ 108) to effectively compensate for the extremely

low Raman gain coefficient (>100x smaller than silicon and diamond). Additionally, the broad

Raman gain spectrum in silica (∼10THz) makes single-mode operation non-trivial 165,93. These

devices (microspheres, microtoroids) are also difficult to integrate into a compact, fully-integrated

on-chip package, requiring careful alignment of a tapered fiber to evanescently couple light into

the resonator93, although recently-developed spiral waveguides and wedge resonator geometries are

amenable to more robust coupling techniques 127. Finally, both silica and silicon suffer from severe

thermal management issues and absorption losses outside of their traditional operating windows,

raising a question mark on high-power operation over a wide spectrum.

Diamond can potentially overcome these drawbacks and has recently emerged as a novel nanopho-

tonics material with applications in integrated, on-chip quantum66,52 and nonlinear optics62. Dia-

mond’s large bandgap of∼5.5 eV and lack of Reststrahlen-related absorption at low frequencies

affords it a wide space for creating high quality factor resonators. Here we demonstrate the first CW,

tunable, on-chip Raman laser operating at∼2 µm wavelengths using telecom-laser-pumped high-Q,

waveguide-integrated diamond racetrack resonators embedded in silica on a silicon chip. Further on
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we will refine this technique and extend Raman lasing to near-visible operation.

4.3 Raman laser pumped at telecommunicationwavelengths

The Raman process (Fig. 4.2(a)) involves scattering of a high energy pump photon at frequency

ωP, into a low energy Stokes photon at frequency ωS, via the creation of an optical phonon of fre-

quency ΩR, such that ωP − ωS = ΩR. For diamond, ΩR∼40THz, corresponding to high-energy

optical phonons vibrating along the <111> direction 123,149. For pump wavelengths in the telecom

range (λP∼1.6 µm), ωP∼190THz, resulting in a Stokes wavelength λS near∼2 µm (ωS∼150THz).

Our diamond waveguides, with∼ 700 × 800 nm cross-section embedded in silica, support modes

both at the pump and Stokes wavelengths with good spatial overlap (Fig. 4.2(b)). Raman scatter-

ing does not require any phase matching as it is an inelastic process. The efficiency of this process,

however, is very low in bulk materials and can be significantly increased using optical cavities. In

particular, if the cavity is resonant with the Stokes wavelength it can provide optical feedback needed

to stimulate the scattering process, which can lead to lasing action. If the cavity is also resonant at

the pump wavelength, it can boost up the pump intensity by a factor of the finesse and further en-

hance the stimulated process. The threshold for Raman lasing in such a doubly-resonant cavity is

inversely proportional to the product of the Qs of the pump and Stokes modes 165,93. The Raman

gain spectrum in diamond is extremely narrow with a full-width at half-maximum (FWHM) of

∼60GHz 123,86. To ensure that a resonator mode exists close to the gain maximum, long racetrack

micro-resonators (path length∼600 µm) are designed with free spectral range (FSR∼180GHz)

approaching the Raman scattering linewidth (Fig. 4.2(c),(d)).

The basic fabrication process was developed from the previously described approach for inte-

grated diamond devices66,63,62. Initially, a∼20 µm thick, type-IIa CVD, single-crystal diamond

(Delaware Diamond Knives) was cleaned in a refluxing acid mixture of nitric, sulphuric, and per-
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Figure 4.2: Diamond-microresonator based Raman laser design. (a) Energy level diagram of the Raman scaħering
process (leđ), wherein a high energy pump photon with frequency ωP is scaħered into a lower frequency Stokes
photon, ωS, and an opধcal phonon, ΩR (∼40THz in diamond). We pump with telecom lasers (λP∼1.6 µm) cor-
responding to ωP∼190THz, resulধng in a Stokes output at ωS∼150THz i.e. λS∼2 µm. A schemaধc illustraধng
the device principle (right) shows a pump wave (green) entering a high-Q microcavity, where it enables Stokes lasing
(orange) via sধmulated Raman scaħering. (b) Simulated TE mode profiles of diamond waveguides with width 800 nm
and height 700 nm fully embedded in silica, at the pump (λP∼1.6 µm, top) and Stokes (λS∼2 µm, boħom) wave-
lengths, showing good overlap. (c) Scanning-electron-microscopy image of the nano-fabricated diamond racetrack
resonators on a SiO2-on-Si substrate before cladding with PECVD silica, showing the bus-waveguide-coupling re-
gion (gap∼500 nm) and transiধon to polymer (SU-8) waveguides for efficient coupling to lensed fibers. (d) Opধcal
micrograph of a diamond racetrack micro-resonator with path length∼600 µm and bending radius∼20 µm, ađer a
PECVD silica cladding layer is deposited on top

.
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(a) (b)

Figure 4.3: High-Q modes at pump and Stokes wavelengths. (a) Transmission spectrum of the diamond racetrack
resonator at telecom (pump) wavelengths taken by sweeping a conধnuous-wave laser reveals high-Q transverse-
electric (TE) modes with 30-40% exধncধon raধo (under-coupled resonances). The path length of the resonator is
∼600 µm, corresponding to an FSR of∼1.5 nm (∼180GHz). Inset: A loaded Q of∼440,000 is inferred from
the Lorentzian fit to the mode at∼1574.8 nm. (b) Transmission spectrum of the diamond resonator at the Stokes
wavelength range near∼2 µm (∼40THz red-shiđed from the pump) taken using a broadband super-conধnuum
source again reveals high-Q TE modes with 30-40% exধncধon raধo (under-coupled resonances). Inset: A loaded
Q of∼30,000 is inferred from the Lorentzian fit to the mode at∼1966 nm, although this may be limited by the
resoluধon (∼0.056 nm) of our opধcal spectrum analyzer.

chloric in equal ratios. The device was then thinned to specification (<1 µm) by cycling Ar/Cl2 and

O2 etching steps in a dedicated Plasmatherm inductively-coupled-plasma reactive-ion-etcher (ICP-

RIE) while bonded via Van der Waals forces to a sapphire carrier wafer66. The diamond was etched

on both sides to remove residual stress/strain from the polishing procedure. Afterwards, the thin

diamond film was transferred to a SiO2/Si substrate with a 2 µm thermal SiO2 layer. To promote

resist adhesion, a thin layer (<5 nm) of SiO2 was deposited via atomic layer deposition on the dia-

mond film. Afterwards, an etch mask was patterned using Fox 16 electron-beam resist (spin-on-glass,

Dow Corning) in an electron-beam lithography tool (Elionix ELS-F125) under multipass exposure.

The faces of the supplied thin diamond plates are non-parallel due to the polishing process, with a

thickness wedging of∼300 nm per∼1mm length. The pattern was aligned to the diamond thin

film such that the polishing gradient ran parallel to the racetrack devices. This pattern was then

etched into the diamond with a final oxygen etch. The Fox 16 resist was left on the diamond. The
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completed waveguide had dimensions of∼800 nm in width and∼700 nm in height, while the cou-

pling region had a gap of around∼500 nm. The diamond bus waveguide tapered off over a length

of∼200 µm to an end width of∼150 nm. Polymer coupling pads to the end of the substrate were

written in SU-8 aligned to the adiabatically tapered diamond waveguides63. Finally, a layer of∼3 µm

of silica was deposited with plasma-enhanced chemical vapor deposition (PECVD) in order to cap

the devices and aid in the polishing of the end facets.

(a) (b)

Figure 4.4: Observaধon of Raman lasing and threshold measurement. (a) Opধcal spectrum analyzer (OSA) signal
when the pump is tuned into a resonance near∼1575 nm with∼100mW power shows the emergence of the Ra-
man line at the Stokes wavelength of∼1993 nm,∼40THz red-shiđed from the pump. Inset: A high-resoluধon
scan zooming into the Stokes output reveals>50 dB sideband suppression raধo (>60 dB on-chip ađer correcধng
for out-coupling losses). (b) Output Stokes power at∼1993 nm versus input pump power at∼1575 nm (both esধ-
mated in the bus-waveguide), displaying a clear threshold for Raman lasing at∼85mW pump power. The external
conversion slope efficiency is∼ 0.43%, corresponding to an internal quantum efficiency of∼ 12%. Inset: A log-
log plot of the output Stokes power versus input pump power reveals a∼40 dB jump above the noise floor in the
output at threshold.

The on-chip diamond resonators are characterized using a lensed-fibre-based coupling setup63,62.

Transmission measurements at telecom were taken by sweeping a continuous-wave laser (Santec

TSL-510) across the resonances and sending the output to an amplified photodetector (Newport

1811). The insertion loss for the device was measured to be∼5 dB per facet (∼10 dB total loss from

input to output lensed fibre) for telecom wavelengths. In order to measure the resonator modes
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around the Stokes wavelengths near 2 µm, a broadband supercontinuum source (NKT Photonics

SuperK) was coupled into the device and the output spectrum was recorded on an optical spectrum

analyzer (OSA, Yokogawa AQ6375) with a maximum resolution of 0.056 nm. The insertion loss

for the device was measured to be∼9.5 dB per facet (∼19 dB total loss from input to output lensed

fibre) at these longer wavelengths, likely because the lensed fibers are designed for telecom wave-

lengths. Transmission measurements revealed that the diamond resonators support high-Qmodes

at both the telecom pump (Fig. 4.3(a)) and∼2 µm Stokes wavelengths (Fig. 4.3(b)). The modes at

telecom were found to be under-coupled with∼30-40% transmission dips on-resonance and high

loaded Qs around 400,000 (Fig. 4.3(a)). The higher-wavelength modes around 2 µm also showed

under-coupling with∼30-40% extinction ratios on-resonance and loaded Qs around 30,000, al-

though this may have been limited by the resolution of our optical spectrum analyzer.

For Raman lasing measurements, high pump power was achieved by boosting the input laser

power through either a C-band (∼ 1535 − 1570 nm) or L-band (∼ 1570 − 1610 nm) erbium-doped

fiber amplifier (EDFA, Manlight). The pump laser was first set at a slightly blue-detuned position

near a resonance before slowly being shifted into it. Power absorbed by the resonator and its host

material causes a thermal redshift of the resonance resulting in a characteristic ‘shark-fin’ shape, al-

lowing the pump to be slowly tuned towards the transmission minimumwhile stabilizing the power

coupled into the resonator 147,62. While tuning the pump, the Stokes output was monitored on the

OSA.When the pump laser is tuned into a resonance with sufficient power, Raman lasing at the

Stokes wavelength is observed (Fig. 4.4). After the onset of Raman lasing at a particular detuning,

the pump was further fine-tuned to maximize the output.

Fig. 4.4(a) shows the measured optical spectrum with the Stokes line∼40THz away from the

pump. A zoom into the Stokes line (inset of Fig. 4.4(a)) shows resolution-limited linewidth and

>60 dB sideband suppression ratio after correcting for losses, characteristic of low-noise single-

mode operation. Fig. 4.4(b) shows the measured output Stokes power as a function of input pump
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power, displaying a clear threshold and onset of Raman lasing at∼85mWof CW pump power in

the coupling waveguide. Stokes powers>250 µW are coupled into the output waveguide, corre-

sponding to an external conversion slope efficiency above threshold of∼ 0.43%. This is limited by

the severely undercoupled nature of the resonances at both the pump and Stokes 165,93, and the inter-

nal quantum efficiency itself is estimated to be∼ 12%. Knowing the Q-factor and mode volume of

our device enables us to extract an effective Raman gain value of∼2.5 cm/GW from the Raman las-

ing threshold formula 165,93. This is comparable to, but lower than, previous estimates for diamond

at these wavelengths (∼6 cm/GW) 123, suggesting that our Stokes mode is probably not positioned

exactly on the Raman gain peak.

We also demonstrate discrete tuning of the Raman laser over a wide bandwidth by tuning the

pump laser to separate adjacent resonances. Fig. 4.5(a) shows the result of 14 separate measurements

which show a Raman signal spanning from<1950 nm to>2050 nm. The discrete tuning range is

>100 nm, or∼7.5THz, which corresponds to∼ 5% of the center frequency and was limited by the

operation bandwidth of our pump amplifiers. Within this range, over 40 uniformly spaced longi-

tudinal modes can be individually addressed, each separated by the cavity FSR of∼180GHz (Fig.

4.5(b)). Continuous, mode-hop free tuning of the Stokes output over∼7.5GHz is also achieved

(Fig. 4.5(c)) by tuning the pump within a single thermally red-shifted resonance. As the pump de-

tuning from resonance is decreased, the intra-cavity power increases and the pump and lasing modes

are both shifted to the red 147. Beyond the resonance (sharp edge of the ‘shark-fin’) the mode is no

longer pumped and the cavity begins to cool down, shifting the resonance back to its original po-

sition. In order to create a Raman laser which can be tuned over the entire output range continu-

ously, it should suffice to create a resonator with a sufficiently small FSR on the order of the thermal

shift (this would require a resonator path length∼10x our current device which should be possible

via a winding spiral resonator design). Then, by tuning into a mode and using its redshift (or, alter-

natively, an external heater), it should be possible to sweep across one resonance and carry the Stokes

72



Wavelength (nm)

−30

−40

−50

−60

Wavelength (nm)

P
ow

er
 (d

B
m

)

P
ow

er
 (n

or
m

al
iz

ed
)

1940 1960 1980 2000 2020 2040 2060
−70

−60

−50

−40

−30

−20

Wavelength (nm)

P
ow

er
 (d

B
m

)
(a)

(b) (c)

Figure 4.5: Discrete and conধnuous tuning of Raman laser output wavelength. (a) Discrete tuning of the Stokes
wavelength over a range>100 nm (∼7.5THz or∼ 5% of the center frequency). The pump is tuned to 14 sep-
arate resonances, each spaced by 3×FSR (∼550GHz), and the Raman line is recorded with an opধcal spectrum
analyzer (OSA) at each pump wavelength. (b) Stokes output of adjacent modes. Here the pump is tuned to neigh-
boring resonances (one FSR apart) within the highlighted region of Fig. 4.5(a). The output modes are also spaced by
an FSR or∼180GHz. Thus, over 40 individual longitudinal modes can be accessed over the enধre demonstrated
tuning range. (c) Mode-hop-free tuning of the Stokes wavelength over∼0.1 nm or∼7.5GHz. The pump frequency
is tuned within a thermally red-shiđed resonance (‘shark-fin’ shape), thus tuning the output Stokes wavelength in a
conধnuous fashion. The output power is normalized to the peak emission at each pump wavelength. The linewidth
of the Stokes mode is limited by the minimum resoluধon of our OSA (∼0.05 nm).
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from one longitudinal mode of the resonator to the next continuously 147.

In conclusion, we have demonstrated a CW, low-threshold, tunable, on-chip Raman laser op-

erating at∼2 µm wavelengths based on waveguide-integrated diamond racetrack microresonators.

Our results firstly introduce diamond as a viable material for compact, on-chip Raman lasers over

a wide spectrum, and secondly present a new laser source in the technologically-exciting 2 µm re-

gion 162. The threshold power in our current device, although the lowest demonstrated in any kind

of diamond Raman laser by a few orders of magnitude, is still limited by the severe under-coupling

of the bus waveguide to the resonator and could be further reduced by moving to near critically-

coupled modes for the pump 165,93. This can be easily achieved, for example, by slightly reducing the

coupling-gap between the bus-waveguide and resonator. The external conversion efficiency can

also be drastically increased by having over-coupled resonances for the Stokes in addition to critical-

coupling for the pump 165,93, and this should naturally happen in the current design if the intrinsic

Qs of the pump and Stokes mode are of the same order. Longer coupling sections and other cou-

pling designs can also be investigated 147. Further improvement can be made by having higher intrin-

sic Q62 and/or smaller FSR (to ensure maximumRaman gain) i.e. longer path-length resonators 147.

Another limiting factor comes from the orientation of the diamond itself. Our devices are fabricated

in [100]-oriented diamond, and the pump and Stokes mode are both TE polarized, where Raman

gain is sub-optimal and there is no polarization preference for the Stokes 123,149. By ensuring that the

light polarization is parallel to <111>, for example using angle-etched resonators 28,25 in thick [111]-

diamond plates, the efficiency of the Raman process can be enhanced 123,149. Further, by moving to

such an all-diamond structure, the resonator should be able to support more circulating power and

reach higher output powers while also offering a route toward longer-wavelength/cascaded Raman

lasers, where the absorption of silica would limit performance otherwise. Nonetheless, the current

platform already offers a large amount of flexibility, with the option to fabricate devices at visible

wavelengths, where the Raman gain is∼ 20× higher 123. Operation in the visible could also enable

74



integration of classical nonlinear optics technologies (Raman lasing, Kerr frequency combs) with the

quantum optics of color centers66,52,62

4.4 Raman lasing at visible wavelengths

Integrated photonic devices operating at visible wavelengths must overcome additional challenges

relative to their telecommunications-band counterparts. Apart from relatively immature instru-

mentation, there is a dearth of qualified low-loss material platforms. This requirement is even more

stringent in nonlinear photonic systems, where high visible pump powers and non-negligible lin-

ear and nonlinear absorption can lead to device failure. To enable pumping of the diamond mi-

croresonator system at sufficient powers above threshold, we develop a directly-writable doped-glass

waveguide and integrate it with our diamond waveguides. This technique creates an end-fire inter-

face from the edge of the sample to the diamond, whose physical size is limited to <1 mm. Per these

developments, we demonstrate the first integrated Raman laser operating at near-visible, studying in

particular polarization conversion between pump and Stokes and low-threshold lasing.

Device fabrication broadly follows the same process reported previously66,101 and discussed in

detail in Chapter 3.3. A 1x1 mm,∼30 µm thick electronic-grade single-crystal diamond (Element

Six) was cleaned in a refluxing acid mixture. After rinsing in water, the diamond was then placed

frommethanol directly on a sapphire carrier wafer. This promotes a loose adhesion to the carrier.

The diamond is etched on one side, then flipped, cleaned, and etched (Ar/Cl2 cycled with O2). The

thinned diamond is then transferred to fused silica by first de-bonding from the carrier wafer with

a drop of hydrofluoric acid, which is then gently washed away and diluted. Immediately before re-

bonding to the silica substrate, the silica surface is activated with an O2 plasma (300 mT, 100W, 1

minute). Once the diamond is bonded, a monolayer of Al2O3 is deposited via atomic layer deposi-

tion (ALD), promoting adhesion of the FOx-16 electron-beam resist (spin-on glass, Dow Corning).
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Figure 4.6: Microresonator design and experimental concept. (a) Micrograph of diamond ring resonators, with cou-
pling region highlighted. (b) Scanning electron micrograph of doped-glass to diamond coupling region. (c) Experimen-
tal setup. The light from a CW Ti:Sapphire laser is focused onto a waveguide facet ađer passing through a half-wave
plate. A lensed fiber collects light and directs it to an opধcal spectrum analyzer and a photodetector. (d) Experimen-
tal concept. A CW pump is tuned to resonance, creaধng a Raman gain region at ΩR∼39.99THz Stokes shiđ for
both TE and TM polarizaধons. The strength of the Raman gain for these polarizaধons is dependent on the specific
microresonator parameters. The difference from the Stokes Raman gain to the nearest resonance mode is termed the
Stokes-mode mismatch.
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The resist is written under multi-pass exposure (Elionix F-125) with waveguides aligned parallel to

the diamond thickness gradient 101. The finished resonators (Fig. 4.6(a)) are 60 µm in diameter and

have cross-sectional dimensions of 300 nm in width and∼300 nm in height. The diamond waveg-

uides are adiabatically tapered down in width across a length of 200 µm to enable high coupling

efficiency.

The diamond sample is prepared for subsequent processing by depositing∼2 nm of ALD ox-

ide71. This adheres the diamond to the substrate and prevents de-bonding. To prevent out-gassing

when under high optical power, the sample is annealed at 460 C for 1 hour in O2. This drives impu-

rities out of the ALD film. Directly-written doped-glass waveguides to be used as spot-size convert-

ers (Fig. 4.6(b)) are then defined with an electron beam exposure and developed.

Afterwards, a layer of photoresist is spun and the sample is diced, cleaved, and cleaned. Finally,

the sample is annealed at 460 C for 3 hours in an oxygen atmosphere to drive out residual impurities

in the doped-glass waveguides and ALD film, as well as to etch away any final graphitized carbon

and terminate the diamond surface in oxygen bonds 130. Apart from the thin ALD film, the struc-

tures are left uncapped.

Optical measurements of the devices are performed in an end-fire testing setup, schematically

shown in Fig. 4.6(c). An aspheric singlet lens focuses a CWTi:Sapphire laser (M2, Solstis) onto the

facet of a waveguide. Free-space coupling has several advantages over a lensed optical fiber, as was

used in previous experiments 101, by reducing insertion loss and maintaining stable polarization even

at high powers.

After passing through the device, the light is collected on the other end with a lensed fiber (OZ

Optics). A typical device showed losses of∼5 dB/facet. An optical fiber splitter is then used to send

the output to a photodetector for resonance measurements, or an optical spectrum analyzer (OSA,

Yokogawa AQ6370) for Raman measurements.

Two separate devices are reported. The first device under test is characterized in Fig. 4.7. Its
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waveguide cross-sections are shown in Fig. 4.7(a). Both TE and TM spectra are shown in Fig. 4.7(b),

where the insets show the TE pump resonance used and its corresponding Stokes resonance. The

pump and Stokes quality factors are 301,000 and 85,000, respectively. No higher-order Stokes or

anti-Stokes processes were observed. With an observed Raman threshold of 20mW, we calculate 165

an effective Raman gain value of 3.2 cmGW−1. This is lower than previous values for diamond at

these wavelengths> 10 cmGW−1 123, and can be attributed to imperfect confinement (74% of the

optical power is in the diamond core) and Raman gain dependence on the orientation of the crystal

axes with respect to the propagation/polarization direction 123,53. The near-threshold data implies an

external conversion efficiency of 1.7%, corresponding to an internal efficiency of 85%, close to the

theoretical maximum of 90%.

Fig. 4.8(a) shows the Stokes-mode mismatch and recorded Stokes power at the various pump

wavelengths. Because the TE-TE transition was well-matched throughout the device, Stokes lasing

was observed with an output over a bandwidth of >150 nm, or 60THz, corresponding to 17.5% of

the center frequency, from 800 − 950 nm. Threshold measurements in 4.8(b) were taken at the

pump resonance from Fig. 4.7.

4.5 Polarization conversionwith Raman lasing

Fig. 4.9 shows the Stokes Raman gain-resonator mode mismatch for both TE (a) and TM (b) pump

wavelengths to TE Stokes (blue circles) and TM Stokes (red triangles) for the second device under

test. The locations of the resonances are recorded at low optical power, so thermal shifts are not

taken into account. The bottom ribbons show where Raman lasing was observed at high pump

powers (∼200mW in the waveguide), with the pump wavelengths corresponding to the well-

matched areas (”doubly-resonant” operation). The correspondence between the Stokes-mode mis-

match and the observed Stokes output reflects in the wider output bandwidth for the TE pump,
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Figure 4.7: Low-threshold device measurements at low power. (a) Cross-secধons of simulated mode intensiধes at
TE pump (leđ, blue), TM pump (center, red) and TE Stokes (right, blue). (b) Transmission data for studied resonator
at TE (top, blue) and TM (boħom, red) probe polarizaধons. Insets show zoomed-in highlighted regions of the TE
spectra. The studied pump resonance shows a quality factor Q ∼301,000 at 750.88 nm, corresponding to a Stokes
resonance of Q ∼ 85,000 at 834.34 nm
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Figure 4.8: Low-threshold device Raman measurements. (a) Stokes-mode mismatch plot (top) shows the mismatch
between the Raman gain from a TE pump resonance and the nearest TE (blue, circles) and TM (red, triangles) res-
onance. The blue and light blue bands show the mode mismatch lying within one half-maximum and three half-
maximums of the Raman gain peak, respecধvely. The ribbon (boħom) qualitaধvely shows (by circle size) recorded
Stokes power from Raman lasing at the respecধve pump wavelengths. The TE-TE transiধon is well-matched across
the measurement, and Stokes output is observed over 60THz of tuning (boħom). (b) Threshold measurements for
TE pump at the resonance from Fig. 4.7, or 750.88 nm. The inset shows a semi-log plot of the near-threshold data.
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and the two distinct lasing regions for the TM pump. Only TE-TE and TM-TE Raman lasing were

observed. A TM Stokes output was not seen, likely due to the lower quality factors for TM reso-

nances and forbidden TM-TM transition for [001]-oriented diamond 123,53.
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Figure 4.9: Raman lasing and polarizaধon conversion dependence on Stokes-mode mismatch, same nominal dimen-
sions as Fig. 4.7. (a) The mismatch between the Raman gain created by a TE pump resonance and the nearest TE
(blue circles) and TM (red triangles) mode is ploħed (top). Though both TE and TM resonances are well-matched, the
output is likely TE, based on the higher quality factor of these resonances. (b) A similar plot as (a), but for TM pump
resonance. Two regions of Stokes output are recorded at roughly∼735 nm and∼770 nm. The TM pump is con-
verted to a TE Stokes, and the neighborhood of modes for which Raman lasing is observed is narrower, as expected
from the Stokes-mode mismatch plot.

In conclusion, we have demonstrated an integrated CWRaman laser operating in the near-

visible region. Owing to directly-written doped-glass waveguides, we were able to show lasing at

high pump powers across 60 THz of tuning. The mismatch between the Raman gain peak and the

nearest resonator mode was shown to be an important parameter, and polarization conversion from

TM-TE was also observed. We studied the threshold behavior for TE-TE Raman lasing for a given

Stokes output resonance, finding low threshold power∼20mW.

These results strongly suggest the difficulty of suppressing Raman processes over a broad band-

width in large-FSR resonators, as is required for generating visible Kerr frequency combs in dia-

mond 128. Nonetheless, the improvements in diamond quality factor and coupling-waveguide power
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handling are broadly applicable to integrated optics in the visible, including quantum, single-emitter

based devices. The silicon-vacancy center, for instance, has an optical transition very close to the

wavelengths studied here, and co-integration can be used for hybrid nonlinear-quantum optics de-

vices. By translating these results to an angle-etched platform25,100, diamond’s full potential can be

realized.

4.6 Future platforms for Raman lasing

100 �m

Figure 4.10: Candidate resonator for next-generaধon Raman lasers. The long path-length of the device leads to a
very small FSR (<60 GHz), ensuring that every mode lies within one FWHM of the Raman gain peak. In addiধon, this
angle-etched device is made of monolithic diamond, which has advantages for high-power handling.

To date, Raman lasing in diamond been demonstrated exclusively in the thin-film platform.

However, due to persistent issues with creating long path-length resonators in this platform, it is

very difficult to obtain resonators with small FSR. Although a whispering gallery-mode resonator in
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diamond has been demonstrated79 with azimuthal mode FSR of 20 GHz, no lasing was reported.

Angled-etching, as discussed previously, is a robust platform for fabricating scalable diamond

photonics. Because all processing steps occur from a planar substrate, there are no wedging issues

as in the thin-film platform. To this end, a diamond microresonator defined via angle-etching can

be used as a small-FSR resonator for angle-etching. Furthermore, because the crystal axis for the

diamond is well-known in bulk substrates, the waveguide orientation can be easily aligned with a

preferred crystal axis.

Fig. 4.10 shows such a fabricated microresonator. In addition to its attractive FSR and optimized

Raman gain, this platform also has advantages for high-power handling, being composed of mono-

lithic diamond. The difficulty in fabrication stems mostly from irregularities in angled-etching,

which is remedied in current process flows using ion beam etching. The last difficulty is in coupling

sufficient light into the resonator. Namely, the coupling coefficient required to couple into a mi-

croresonator is linearly proportional to the length of the resonator, all else being equal. A technique

such as loaded fiber coupling 100, discussed in section 2.4.3, can be used to enhance the coupling into

the resonator and provide the requisite input powers for Raman lasing.
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5
Kerr nonlinearities in diamond

Before beginning our discussion of Kerr nonlinearities in diamond, it is useful to take a step back

and do a proper accounting of all nonlinear optical physics in diamond, expanding outside the scope

we restricted ourselves to in the last chapter. Although the high-level description of Raman lasing

was sufficient to phenomologically explain experimental results, by diving deeper we can begin to

understand how to design optical structures with a mature understanding of diamond’s material

properties. Broadly speaking, this treatment also applies to other crystalline materials such as sili-
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con (which possesses the same crystal symmetry as diamond) and, with slight modifications, other

materials like barium fluoride or even lithium niobate.

To begin, we start with the nonlinear Schrodinger equation as it appears in most textbooks in

nonlinear optics:

∂A
∂z

= −i
β2
2
∂2A
∂t2

+ iγ|A|2A (5.1)

This bare-bones partial differential equation is sufficient to describe a wealth of nonlinear phe-

nomena, and even permits analytical solutions in certain cases, namely solitons 195. Here, β2 is the

second-order dispersion and γ is the nonlinear coefficient. However, as hinted by the discussion in

the previous chapter, it does not include any discussion of Raman scattering, nor does it including

higher-order dispersive terms or what is known as the shock term. Under a full accounting of all of

these terms and incorporating the tensorial nature of third-order nonlinear effect, we arrive at the

following generalized nonlinear Schroedinger equation 113,44:

∂Ai

∂z
=

∑
k=2

ik+1βk
k!

∂kAi

∂tk
+ i

(
1+ i

ω0

∂

∂t

)
PNLi (5.2)

where βk = ∂kβ
∂ωk . The shock term is given by i/ω0∂/∂t. The nonlinear polarization PNLi (z, t)

contains the third-order response from both the electronic and Raman contributions. More con-

cretely,

PNLi (z, t) = Aj(z, t)
[∫ ∞

−∞
R(3)ijkl(t− τ)A∗

k(z, τ)Al(z, t− τ) dτ+ iΓR(z, t)
]

(5.3)

Here we introduce ΓR(z, t), a multiplicative stochastic variable describing the noise from the Ra-

man process. The variable has frequency-domain correlations described by ⟨ΓR(Ω, z)Γ∗(Ω′, z′)⟩ =

(2fRℏω0)|Im[h̃R(Ω)]|[nth(|Ω|) + U(−Ω)]δ(z − z′)δ(Ω − Ω′), where Ω describes the phonon
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modes and nth gives the Bose distribution function, h̃R the Raman response in frequency space, and

U(·) the Heaviside step function. The noise distribution is maximal at the Raman shift frequencies,

with more noise in the Stokes process. The third order susceptibility is a given by the tensor

R(3)ijkl(τ) = δ(τ)χeijkl + hR(τ)χRijkl (5.4)

Where χeijkl is the electronic nonlinear susceptibility and χ
R
ijkl is the Raman nonlinear susceptibil-

ity. This equation is telling us that we treat the electronic susceptibility as instantaneous and the Ra-

man susceptibility as having a delayed response hR(τ). Note that in principle R(3)ijkl(t) can also vary as

a function of z. In the special case of a cubic lattice like diamond, we can derive a concrete form for

both the electronic and Raman contributions, accounting for the electronic nonlinear anisotropy by

defining ρ ≡ 3χe1122/χe1111:

R(3)ijkl(τ) = γe(ω0)δ(τ)
[ρ
3
(δijδkl + δikδjl + δilδjk) + (1− ρ)δijkl

]
+γR(ω0)hR(τ)(δikδjl+δilδjk−2δijkl)

(5.5)

and the Raman response hR(t) is 113

hR(t) = Ω2
Rτ1e

−t/τ2 sin(t/τ1) (5.6)

where τ2 = 1/ΓR is the inverse of the gain bandwidth and τ1 = 1/
√

Ω2
R − Γ2R ≈ 1/ΩR is

approximately the inverse of the Raman frequency shift ΩR.

5.1 Four-wave mixing

By ignoring the Raman term and considering only the interaction between three different modes

(Ap,As, andAi, where the pumpAp dominates), we can arrive at the following system of equations
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which describes the nonlinear-mediated frequency mixing and amplification (here βm is the propa-

gation constant for modem) 113.

∂Ap

∂z
= (iβp − αp/2)Ap + iγepppp|Ap|2Ap (5.7)

∂As

∂z
= (iβs − αs/2)As + 2iγespps|Ap|2As + iγespipA

2
pA

∗
i (5.8)

∂Ai

∂z
= (iβi − αi/2)Ai + 2iγeippi|Ap|2Ai + iγeipspA

2
pA

∗
s (5.9)

Relevant to our discussion, by making our system a resonator we can enhance the conversion

efficiency η of our frequency generation process into the idler by 1 η ∼ γ|Ap|4|As|2.

To demonstrate four-wave mixing in a device, we employ the same fabrication process discussed

in the previous chapter for visible integrated Raman lasers. In addition to a strong CW pump from

the Ti:sapphire laser, we add an additional signal beam into an optical fiber which carries both the

pump and the signal. The setup is shown schematically in Fig. 5.1(a).

Having measured the dispersion of our device and knowing it is both anomalous and relatively

low, we pump the resonator at different powers and observe the generated idler. The modes chosen

are nearly adjacent, located at wavelengths of 732, 733, and 734 nm, with the pump parked centrally.

These modes showed excellent quality factors, with peak Q of 300,000. A close up spectrum of the

modes is shown in Fig. 5.1(b).

Fig. 5.1 shows the measured output at the OSA of the generated light with two different pump

wavelengths. Although the process did not reach large enough powers to show cascading of four-

wave mixing, the expected output behaved according to theoretical expectations.

To our knowledge, this is the shortest wavelength four-wave mixing ever demonstrated in an in-

tegrated optics platform. Generation of new idler colors could occur under stronger CW pumping,

or, alternatively, with a higher-quality factor device. Using the attained data, we can estimate the
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Figure 5.1: Four-wave mixing experiment. (a) Schemaধc of experimental setup. The light from the pump and probe
laser is combined into the same opধcal fiber and focused on the chip end facet with a lensed fiber. The light is col-
lected and measured via OSA, while a photodetector monitors the power. (b) Measured resonances of the signal,
pump and idler. The highest-Q resonance (>300,000) was chosen as the pump. (c) Measured output of four-wave
mixing experiment, showing good agreement with theoreধcal expectaধons. A pump of 0.76 (5.6) mW and and idler
of 0.3 mW yields a signal of 0.04 (1.2) μW, as shown in the leđ (right) plot.
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threshold for optical parametric oscillation - where a single, intense pump beam can generate new

idler colors on its own - as around 60 mW in the waveguide, or roughly ten times the power that was

able to be coupled in.

5.2 Supercontinuum generation

For short, high-energy pulses traveling in an anomalously dispersive medium, the pulse can interact

with itself through the GNLSE and generate new colors and undergo incredibly complex tempo-

ral dynamics. This process is known as supercontinuum generation, and it sees widespread use in

various fields of optics, especially as a bright, broadband, and coherent source of light. Although su-

percontinuum generation has been known since the 1970s 3,109, it began to see widespread use upon

the invention of the microstructured fiber 140,49. This fiber was able to create an anomalously disper-

sive region in the pump wavelength of interest (typically 800nm, as pumped by a Ti:Sapphire, but

available for other wavelengths as well).

Within the laboratory, waveguides or fibers which are able to provide broad supercontinua see

enormous use as components of larger systems. They aid in exoplanet searches 34,57, optical coher-

ence tomography78, among other technologies. Recently, waveguides on an integrated photonics

platform have been able to show results where traditional glass fibers had not been able to reach,

including generation in the mid-IR 157,69,70 and even up to the UV 192. Diamond’s promise for super-

continuum generation encompasses these regions as well, due to its broadband transparency and

superlative material properties.

Because supercontinuum-generating devices consist of a simple waveguide with an in- and out-

coupling facet, we choose to fabricate our design in the angle-etched platform. This approach offers

a number of advantages over the DOI approach in this case. First, because the diamond waveguide

is suspended, it tends to have a zero-dispersion wavelength that is bluer than that for DOI devices.

89



Second, the angle-etched platform allows us a way to write a large device (∼4mm) on the diamond

without worrying about film wedge angle or fabrication. With a judicious choice of facet design, we

can fabricate a waveguide which approaches the edge of the diamond and couples light in, transport-

ing it to the other side.

A schematic of the design is show in Fig. 5.2(a). The waveguide is supported throughout with a

thin support structure of diamond, no more than 100 nm wide. The loss expected from the support

structure is shown in Fig. 5.2(c), where both the height off the substrate and the support width were

taken into account. For the design chosen (support width < 100 nm, support height 2.4 μm), the

simulated loss was less than 0.1 cm−1 for the wavelength and polarization of interest (800 nm, TE).

The simulated dispersion of the device is shown in Fig. 5.2(d), demonstrating anomalous dispersion

for a few different waveguide parameters.

The devices were fabricated via RIBUE in bulk diamond with beveled edges to facilitate coupling.

Measurements of the sample showed that these first-generation devices had relatively high inser-

tion loss (around 10 dB/facet) as well as relatively high loss in general (around 20 dB/cm). Fig. 5.3(a)

shows SEMs of the fabricated device. The waveguide was fabricated along the 100 axis of diamond,

which ensured that there was no TE-TE or TM-TMRaman transition, and pumped with TE polar-

ization. Although we expect a TE-TMRaman transition as per previous work 101, because the TM

mode is significantly more lossy, there would not be significant build-up of TM energy to encourage

stimulated Raman scattering.

Simulated results are shown in Fig. 5.3(a), and initial experimental results are shown in Fig. 5.3(b).

Although the broadening is limited to >100 nm, this early demonstration of an entirely new inte-

grated photonics design shows that, if steady progress can be made, the simulated supercontinuum

results should one day be attainable.
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(a) (b)

(c) Simulated radiative losses

(d)

Figure 5.2: Superconধnuum diamond waveguide design and simulaধon. (a) Device architecture. The waveguide is
tapered on either end to support coupling into the waveguide mode, and the bulk of the waveguide is supported by
a thin (<100 nm) structure above the substrate. (b) Close-up SEM of fabricated tapered region. The scale bar is two
microns. (c) Simulated losses from height of waveguide off substrate, holding width constant, (leđ) and width of sup-
porধng structure, holding height constant at 2 μm (right). Simulaধons performed at 800 nm pump wavelength, with
devices of cross-secধon 500 nm and apex angle 100 degrees. (d) Anomalous dispersion for waveguides in triangular
geometric cross-secধon of varying widths. The apex angle is kept constant at 100 degrees.
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Figure 5.3: Superconধnuum diamond waveguide experimental results. (a) Device SEM of head-on waveguide, show-
ing angular etch. The mask is leđ on. Scale bar 1μm (b) Device micrograph with in-coupled visible light. The light is
clearly waveguided. Scale bar is 100 μm. (c) Simulated superconধnuum spectrum at 550 nominal width, 100 de-
gree apex angle, 80 MHz repeধধon rate and 6 mW average power. (c) Experimental superconধnuum spectrum for
waveguides at 550 nm nominal width, 100 fs pulses at 80 MHz repeধধon rate and 50 mW average power. The large
inserধon losses for this device (>10 dB) required higher pump powers. The fabricated device width may be smaller
than the nominal width, affecধng superconধnuum generaধon.
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5.3 Frequency comb generation

Integrated nonlinear optics has been seeing an incredible driving force from the prospect of coher-

ent, low noise, broadband spectrum generation on a chip. Similarly to the case in supercontinuum

generation, here an optical field builds up and can turn into solitons and broadband light. The main

point of contrast is that in this case, the light circles around in a resonator, and may be CW to start

with (instead of a short pulse, as in supercontinuum generation).

The first experiments of frequency comb generation were done in microtoroidal glass resonators46,

but recent progress has seen demonstrations in a number of material platforms, including silicon ni-

tride92,21, silicon 194,193, aluminum nitride 85, silica microdisks 186,191, fluorites 80, and even diamond at

telecom wavelength62. A limitation of a number of these platforms is the inability to attain a usable

supercontinuum in visible wavelengths, though in some cases harmonic generation is able to create

visible light from the circulating telecom pulse through χ(2) and χ(3) processes.

To appropriately model the a resonator within the context of the GNLSE (Eq. 5.2, all one has to

do is apply the Ikeda map every round trip60:

Am+1
i (t, 0) =

√
θiEin +

√
1− θie−iδi0Am

i (t, L) (5.10)

In other words, one propagates the fieldAm
i from 0 to the resonator path length L via Eq. 5.2,

then adds Eq. 5.10 to the solution and repeats. The term θi appearing in the Ikeda map denotes the

coupling parameter between the resonator mode and the pumping mode with field Ein. δ0i describes

the detuning of the pump field to the cavity resonance, related to its phase shift. This completely

general solution uncovers a wealth of physics, even in simplifying approximations of the GNLSE60.

However, for high-Q resonators the change in the field after each successive trip can be very small,

so it may take millions of time steps to reach a steady state or solution. To simplify the Ikeda map,
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we can perform a time average41 and arrive at the so-called Lugiato-Lefever equation 117

1
FSR

∂Ai(t, τ)
∂τ

=
∑
k=2

ik+1βk
k!

∂kAi

∂tk
+ iLPNLi − [(αiL+ θi)/2+ iδ0i]Ai(t, τ) +

√
θEin (5.11)

We omit the shock term as in most Lugiato-Lefever based models. Note that because we per-

formed a time average, we no longer have z-dependence on our differential equation. Therefore, we

lose some of our ability to model spatially-varying nonlinear index or Raman gain, unless we incor-

porate it back in via an averaged term.

Ignoring Raman and polarization effects and using the simulated dispersions for the visible-

wavelength structures studied previously, we can simulate the frequency comb expected for such

devices. As an example, see the top portion of Fig. 5.5. These initial simulation show incredibly

promising indications of the potential of frequency combs in diamond. However, because diamond

has a particularly strong Raman component, we will see that this can actually significantly disrupt

frequency comb formation in simulations where it is accounted for.

5.4 Kerr-Raman competition in microresonators

We can theoretically investigate the combined effects of Raman and parametric gain on Kerr comb

generation in diamond microresonators. Since the Raman gain is large in diamond, we can expect it

to play an integral part in the nonlinear dynamics in the microresonator. We show that it is possible

to minimize the strength of the Raman effect by designing the device geometry. Our analytic and

numerical studies show that tuning the free-spectral range (FSR) of the microresonator can be used

to achieve a frequency comb.

In Fig. 5.5 we show our numerical results for Kerr comb generation in diamond. For Kerr comb

generation, the FSRmust be chosen such that the peak of the Raman gain is far detuned from any
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Figure 5.4: Simulated frequency combs and dispersion diagrams from collaboraধon with Gaeta group. (a) Simulated
dispersion diagrams for diamond waveguides of triangular cross-secধon (top), showing anomalous dispersion well
into visible wavelengths (middle) and simulated frequency combs results for 400 nm wide triangular waveguides
(boħom) with over 2/3 octave generaধon. (b) Dispersion and frequency comb simulaধons for thin film-type diamond
waveguide devices, for devices of 300 nm in height and various width. The boħom simulaধon shows a 300 nm wide
waveguide.
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cavity resonance in order to suppress the Raman gain as compared to the parametric (electronic)

gain. This condition posts a maximum limit of the microresonator’s dimension (or round-trip path

length), especially for diamond microresonators operating in the visible regime where the Raman

gain is typically much larger. In addition, we investigate the competing effects near the FSR limit in

silicon microresonators. Our analysis offers a novel route to achieving Kerr comb generation in the

presence of strong Raman effects and can be generalized to other nonlinear crystalline materials with

a narrow Raman gain feature.

Figure 5.5: (a) Simulated spectrum for comb generaধon in diamond microresonators pumping at 790 nm for FSR’s of
787 GHz (top) and 658 GHz (boħom). (b) Simulated spectrum a 1560 nm pump for FSR’s of 500 GHz (top) and 417
GHz (boħom). The insets show the corresponding temporal profile. The red circles indicate the Raman frequency
shiđ.

Although the results from Fig. 5.5 are strongly suggestive towards the difficulty of frequency

comb generation, especially for small-FSR resonators, they are still not the final word. The simu-

lations which Fig. 5.5 is based off of are only inclusive of a single mode with a Raman interaction.

Although this is true for certain waveguide orientations in diamond, looking back at Fig. 4.1, we

see that Raman transitions can be suppressed, especially if the pump beam is polarized in the TM

direction. This full problem is significantly more challenging, however, because in a resonator the

waveguide orientation is a function of position z.
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5.5 Coupled GNLSE equations with Raman interaction

Looking back to Eq. 5.2, we see that the term PNLi (z, t) (via Eq. 5.3) contains implicitly within it a

coupling term, describing a nonlinear interaction-mediated mixing of modes with possibly orthog-

onal polarizations. To go a step further, we can generalize Eq. 5.2 to include an overlap factor in the

definition for the nonlinear coefficient γijkl, denoted ηijkl given by the spatial distribution of the

modeE(x, y,ω) 113

ηijkl =

∫
E∗

i EjE
∗
kEl dx dy[∏

ν

∫
|Eν|4 dx dy

]1/4 (5.12)

More details are contained in Lin et al. 113 . For the simplification of two orthogonally polarized

modes with unit overlap, we can derive a Raman-mediated coupled GNLSE equation which de-

scribes the evolution of the two modes.

An important consideration is the noise term ΓR. Consider two orthogonally polarized modes -

one which is seeded by an input pulseAp(0, t) = U0(t) and the other which is left emptyAs(0, t) =

0. Although a Raman- or Kerr- mediated transition is allowed between the two, it can only occur

when the electric field in both modes is nonzero due to the cross-multiplied terms in Eq. 5.3. To

this end, in order to start the transition into the opposite mode, it must be initially seeded by the

Raman noise term. By correctly modeling this spontaneous Raman scattering, we can fully simulate

a coupled GNLSE in a crystalline resonator or waveguide.

5.5.1 Numerical details and simulation results

To study the problem of coupled-GNLSE, we developed a simulation package with a general frame-

work and easy-to-use interface. The aims of this package are to provide researchers with the func-

tionality to quickly design and understand nonlinear optical devices, especially in crystalline ma-
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terial where the direction of propagation may change over the course of the waveguide, as is the

case for diamond ring or racetrack resonators. The code is freely available at the following address:

https://github.com/platawiec/NonlinearOptics.jl

The package is provided in Julia, a high-performance programming language with natural exten-

sibility and excellent support for rapid prototyping. Beyond the performance of the language, Julia

was chosen due to the well-supported ecosystem for differential equation solving via the Differen-

tialEquations.jl framework 137, which these problems are a subset of. This framework allows us to

easily extend problems - for instance, by generating an Ikeda map from a GNLSE or easily running

a Monte Carlo simulation to study coherence. Furthermore, by recasting the GNLSE into the so-

called interaction picture, we effectively perform a stable discretization of the PDE, allowing us to

take advantage of a number of well-developed ODE solver algorithms.

Because of the excellent ecosystem, we can also rigorously extend our models to include stochas-

tic noise, specifically Raman noise. Although this process has been well-explored, the reports in the

literature for how it is treated numerically are remarkably thin48,44. NonlinearOptics.jl, by contrast,

models the noise as a multiplicative stochastic variable, diagonal in the frequency and spatial do-

mains, and can solve the resulting stochastic differential equation via a number of built-in adaptive

time-stepping algorithms.

We show a comparison of simulation results under a number of simplifying assumptions in Fig.

5.6. shows the results of propagation of two modes along 100 axis of diamond which are orthogo-

nally polarized. These illustrative results highlight the subtleties implicit in modeling and are meant

to inspire and guide future investigations. With the development of advanced modeling tools for

nonlinear optics, device engineers can start to explore and optimize structure to affect desired re-

sults. As this chapter demonstrated, a careful accounting of Raman effects and Kerr nonlinearities is

required to gain a complete picture of device function, especially for the short, intense pulses of light

that can occur in supercontinuum and frequency comb generation. With a coherent understand-
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ing of the opportunities and issues, the full parameter space of devices can be simulated, including

spatially-varying dispersion profiles, changing crystal orientations, and even time-dependent varia-

tions or connections to other nonlinear-optical phenomena, such as the electro-optic effect.
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Figure 5.6: (a) Simulated spectrum for superconধnuum generaধon in 5 cm long-diamond waveguides oriented along
the ⟨100⟩ direcধon, accounধng for TE-TM mode coupling and the Raman noise term. The inital pulse is 100 fs long
with 10 W peak power at 475 THz. Because the TE mode is iniধally unseeded, the only field accumulated is due to
the noise term. (b) The same simulaধon, for the case of an isotropic material with otherwise equal material param-
eters. The generated superconধnuum is slightly different. This figure corresponds to standard GNLSE simulaধons
which do not properly account for the tensorial nature of the material or mode coupling.
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6
High-power metasurfaces

Using the nanofabrication techniques developed during this thesis, we can functionalize the dia-

mond surface by decorating it with periodic or aperiodic structures. This idea, known as metasur-

face optics, has garnered intense commercial, industrial, and academic interest over the past decade.

Diamond, being broadly transparent, possessing a relatively high refractive index, and maintaining

its structural integrity even in adverse environments, can provide an excellent platform for bringing

ideas in the metasurface community to niche areas. In harsh environments or for high-power laser
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processes, where traditional optics can fail catastrophically, optics fashioned purely from diamond,

as described in this chapter, lower systemmaintenance and failure modes by eliminating the use of

fragile materials. Furthermore, of all the mid- and far-infrared materials, diamond is relatively easy

to fashion, meaning it can form the base for advanced optical elements otherwise impossible to fab-

ricate. In this chapter, we will discuss several optical designs and concepts and their experimental

demonstrations in diamond.

6.1 Metasurface anti-reflective coating

Anti-reflective coatings on diamond are typically made by depositing a material with a refractive

index equal to nARC =
√
nair · ndiamond ≈ 1.55with a thickness of λ/(4nARC) to ensure proper

destructive interference. Such heterostructures display a decreased laser-induced damage threshold

compared to bulk diamond. However, bulk diamond can be engineered to display an effective index

equal to the required anti-reflective index condition. This can be done by etching a periodic struc-

ture in the diamond with periodicity a satisfying

a < λ0/ndiamond (6.1)

where λ0 is the wavelength of interest. For a wavelength of 10.6 μm, this corresponds to a period-

icity of 4.4 μm. Seen from the point of view of diffractive optics, so long as any structures fabricated

on the diamond satisfy this requirement, incident light will only diffract into the zeroth order 87.

In real structures, such as the truncated cones illustrated in Fig. 6.1(a), the sidewalls are not neces-

sarily straight. This is advantageous in two ways, by reducing the index contrast at the cone apex and

bottom and by providing a spatially-varying refractive index which minimizes back-reflections61,72.

The refractive index profile along such a cone is shown schematically in Fig. 6.1(a). To estimate the

refractive index at a particular z-value, we can employ the Bruggeman approximation24,178
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(1− f)(εair − εeff)
εeff + g(εair − εeff)

=
f(εdiamond − εeff)

εeff + g(εdiamond − εeff)
(6.2)

Here, f denotes the filling fraction of the diamond in the substrate, and g denotes a geometry-

dependent depolarization factor which we approximate as 0.5, for infinitely long ellipsoids 178. Using

this formula, we see that the ideal filling fraction is f = 0.5, meaning that half of etched surface is

occupied by diamond.

Because of the spatially varying refractive index, this approximation is not strictly correct. Al-

though a solution using an effective medium approach can be derived by using a transfer matrix

method or rigorous-coupled-wave analysis (RCWA) 142, full finite-difference time-domain (FDTD)

simulations of the etched substrate can establish the transmission of the structure with complete

rigor. Using LUMERICAL, the design parameters were varied to derive the optimal diamond

shape. A representative parameter sweep is shown in Fig. 6.1, where the pillar height is swept while

holding the pillar top and bottom radius constant. This simulation shows an optimal design height

of∼ 1.75 μm. FDTD simulations guided the fabrication and design of these antireflective, moth-eye

surfaces.

To fabricate our monolithic diamond antireflective coatings, we used standard photolithographic

techniques to ensure scalability. Fig. 6.2 shows the resulting etched diamond structures. First, a

polycrystalline diamond substrate is cleaned in a boiling sulfuric acid and hydrogen peroxide mix-

ture (3:1), then rinsed and sonicated in solvents (Fig. 6.2(b-i)). Then, in Fig. 6.2(b-ii), a layer of lift-

off resist (LOR-3A, Shipley) is spun on the diamond substrate, followed by a layer of photoresist

(S1805, Shipley). The sample is then exposed and developed (Fig. 6.2(b-iii)) such that the LOR is

etched more than the top photoresist, allowing for the clean deposition of a 15 nm titanium/200 nm

gold reist layer (Fig. 6.2(b-iv)) vie electron-beam deposition. The resist stack is then lifted off (Fig.

6.2(b-v)) and the sample is etched with an oxygen plasma (Unaxis Plasmatherm, 100W substrate
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Figure 6.1: Design principle for monolithic anধ-reflecধve coaধngs (a) Subwavelength dielectric pillars are fabricated
in diamond with a slightly sloped sidewall. As the cross-secধon of the pillar varies slightly with z-coordinate (defined
along the opধc axis), there is an effecধve variaধon in refracধve index, shown schemaধcally in (b). The abrupt changes
in refracধve index at the cone-air and cone-substrate boundaries result in reflecধons, which can be compensated
for by tuning the height of the structure for opধmal destrucধve interference. (c) Transmission simulaধons shows
the result of a full finite-difference ধme-domain simulaধon for the pillars shown in Fig. 2, with a top diameter of 2.8
μm and boħom diameter of 3.2 μm. The height of the simulated pillar is varied from 0.5 to 2.5 μm. The 10.6 μm
wavelength result is traced with the dashed line, showing near-unity transmission for a design height of∼1.75 μm
for these dimensions.
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power, 700W ICP power). This results in a slightly sloped sidewall (∼ 7 deg) which aids in the an-

tireflective properties of the coating, as discussed previously. The sample is then cleaned to remove

the resist layer, the final pattern illustrated in Fig. 6.2(b-vi).

For shorter wavelengths, targeting 1064 nm applications, a motheye anti-reflective coating was

fabricated via electron beam. The pitch was around 400 nm, with conical pillars around 2 μm heigh.

Transmission of over 98% was reported.

6.2 Metasurface quarter-wave plate

Diamond’s excellent material properties position it to be a prime player in next-generation optical

and mechanical systems. Processing techniques such as Faraday cage-angled etching 28,96,98, masked

oxidation 120, quasi-isotropic plasma etching 89, and two-photon assisted etching 103 may enable new

paradigms for diamond-based devices. Outside of applications in free-space mid-infrared optics like

antireflective coatings61 and wave plates45, enormous potential remains to be tapped in the shorter

side of the electromagnetic spectrum, provided that fabrication challenges stemming from the re-

quired smaller structures can be met. Beyond free-space optics, diamond may play a larger role in

niche integrated optics devices, where optical components are fabricated directly on a silicon chip.

Examples include integrated frequency combs62, filters64, Raman lasers 101, and quantum optical

networks66.

Using similar processing techniques as before, we have demonstrated precise mid-infrared quarter

wave plates in diamond, with consistent phase shifts within three degrees of optimal for wavelengths

of 10.6 μm. Briefly, these wave plates are fabricated by etching parallel, closely spaced ribs on the

diamond surface. The anisotropy of the diamond structure causes different effective indices to be

experienced for light with different polarizations. This is known as form birefringence91,142,45. With

this technique, we have measured phase shifts of 90.42 deg in polycrystalline samples at 10.6 μm.
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Figure 6.2: Fabricaধon of monolithic anধ-reflecধve coaধngs in diamond (a) Scanning electron micrograph (SEM) of
fabricated anধ-reflecধve coaধng (scale bar 20 μm). The inset shows a zoomed-in image of the sample (scale bar 2
μm), with detail visible. The diamond pillars have a rounded-rectangular cross-secধon with a top side length of∼2.8
μm and a boħom side length of∼3.2 μm. The etch is ধmed to reach an opধmal anধ-reflecধve condiধon. (b) Process
flow for fabricaধon of diamond anধ-reflecধve coaধngs. (i) a polycrystalline diamond substrate is cleaned and then
coated (ii) in a liđ-off resist (LOR) and photoresist (PR) layer. (iii) The resist is then exposed and developed, with the
LOR dissolving at a faster rate than the PR. (iv) A thin ধtanium (15 nm) is deposited, followed by a thicker (∼200 nm)
gold layer via electron-beam deposiধon, and then (v) liđed off. The gold a mask during etching, which results in a final
profile with slightly sloped sidewalls. (vi) The sample is then stripped of its mask and cleaned.
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Figure 6.3: Quarter wave plate metasurface device (a) Parameter sweep of quarter wave plate design, where the
depth etched and the width of the rib is varied. The thick black line describes the region where the QWP imparts a
90 degree phase shiđ. (b) SEM of etched QWP structure, showing ribs protruding almost 5 μm above the substrate.
(c) Experimental results of phase shiđ imparted by QWP as a funcধon of wavelength. The target of 90 degrees +/- 3
degrees at 10.6 μm wavelength was reached.
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The sample and its measurement results are shown in Fig. 6.3. The structure was designed via a

standard optimization sweep and fabricated with the liftoff procedure described in the preceding

section. To obtain phase shift measurements at mid-IR wavelengths, an fourier-transform infrared

spectrometer (FTIR) was used. A polarizer was placed both before and after the measured QWP,

and any imperfections in the polarizers were calibrated and accounted for. These excellent results

were repeatable across the substrate and over a number of devices.

6.3 Metasurface focusing lens

Finally, we take these ideas a step further and design a completely monolithic diamond metasurface

lens. Borrowing from the concepts discussed earlier, we can engineer the phase shift of individual

elements by changing their diameters. Such metalens designs, spurred by developments in material

processing and the tantalizing applications that they can offer, have seen an explosion of research

interest, with demonstrations in silicon 180, visible wavelengths47,90,35, and plasmonic structure 110,56.

More advanced designs can offer new functionality, including polarization-functionalized imag-

ing4,5, retro-reflectors6, and recently achromatic lenses7,35

Taking advantage of diamond’s mid-IR transparency yet again, we design a metalens which func-

tions in at 10.6 μm wavelengths, shown in Fig. 6.4(a). First, we find the phase shift a single diamond

pillar imparts on an incident wavefront via FDTD simulations, the results of which are shown in

6.4(b). With this knowledge, we can choose a target pillar height and arrange the phase delay φ

across the metasurface to emulate a lens, or φ(r) ∼ ar2 for some coefficient awhich sets the focal

length. The focal length was set to 2 mm for this design.

To characterize the lens, we perform a knife-edge measurement at different points along the beam

path, with a power meter recording the incident energy as the knife is brought across the beam. This

measurement gives an integrated power across the beam radius, which we fit to a double-gaussian
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curve. By comparing the amount of energy in the broad gaussian to the amount of energy in the

focused gaussian, we obtain a focusing efficiency of 57%, a relatively good value for a monolithic

lens. The recovered beam profile is shown in Fig. 6.4(c). The beam waist at the focus can then be

estimated by taking knife-edge measurements along the beam length, as shown in Fig. 6.4(d). By

fitting the beam waist formulaw(z) = w0
√
1+ z2/z2R, where zR is the Rayleigh length given as

zR = (πw2
0)/(λM

2), whereM2 is a measure of beam quality, we find that our minimal beam waist is

48.0 μm - far from diffraction limited. However, our fitted value for zR reveals a poor beam quality

(M2 = 5.6, whereM2 = 1 for an ideal gaussian beam). This poor beam quality may come from the

metasurface lens itself, or from the CO2 laser used in the experiment.

In conclusion, we have demonstrated a metasurface-based diamond lens optic for focusing mid-

IR light, potentially at high powers. By fashioning the device from polycrystalline diamond, we

show that there is route toward a scalable process which can find use in industry in, for instance,

extreme ultraviolet (EUV) photolithography systems, where high-power CO2 lasers seed the ultravi-

olet generation. Overall, by combining a few simple concepts in metasurface optics to our diamond

fabrication techniques, we have demonstrated a variety of different functional elements which can

be used in experiment today.
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Figure 6.4: Design and fabricaধon of monolithic diamond metasurface lens for 10.6 μm wavelength focusing. (a)
SEM of fabricated metalens. Inset shows close-up of pillars used as phase building blocks. (b) Design parameter
sweep of different height pillars, assuming a 7 degree etch angle slope, as per fabricaধon results. A minimum pillar
height of 10 μm is required to create a full 2π phase shiđ, though in pracধce taller pillars are used in order to relax
the fabricaধon constraint. The design pitch is 4μm. (c) Results of knife-edge measurements on focused CO2 laser
beam. The lens shows focusing efficiency of 57%. (d) By repeaধng the knife-edge measurements over the beam
path, we can fit the measured beam radius as a funcধon of distance. The minimal focused spot radius is 48.0μm,
indicaধng the beam is not diffracধon limited. We can esধmate theM2 value to get an idea of the beam quality by
comparing it to the ideal Rayleigh length. This gives us anM2 of 5.6, suggesধng imperfecধons in the lens or the
probe beam itself.
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7
Conclusion

7.1 Summary and outlook

Throughout this thesis we have explored a number of new and interesting physics brought to light

because of diamond’s superlative material and optical properties. Beginning with a discussion of pas-

sive photonic devices in Chapter 2, we enumerated the many possible loss mechanisms in a waveg-

uide. This exercise helped to focus our fabrication efforts and fine-tune techniques and processes
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when we found they were lacking. Furthermore, we explored entirely newmaterials and techniques

for coupling photonics to the outside world. After briefly discussing mode converters, we described

in detail a tapered-fiber technique which was used to access the spectrum of high-index microres-

onators.

Chapter 3 saw a discussion and analysis of fabrication techniques, how they applied to diamond

photonics, and more generally how they could be applied to other material systems for three-dimensional

fabrication. Fabrication via Faraday cage-angled etching proved to be an intricate subject with many

subtleties in its process. Nonetheless, it could be applied successfully towards single crystal materials

like diamond and quartz. Reactive ion beam undercut etching is an evolution and improvement of

this technique, provided that a reactive ion beam etching tool with a tilting stage is available. This

technique showed improved uniformity and was applied specifically to diamond photonic devices.

Finally, we discussed the particulars of diamond fabrication used in the rest of the thesis, namely the

diamond-on-insulator platform. A detailed description of the process was included, and fabrication

techniques which did not improve the performance of the devices were overviewed in order to help

guide the reader in their own efforts. Doped-glass mode converters and their fabrication method-

ology were also presented. These saw dramatic improvement in high-power handling capacity and

helped to enable nonlinear optics in visible wavelengths.

Next, in Chapter 4, we touched on the theory and presented two experimental demonstrations

of Raman lasers in an integrated diamond platform. The first, telecom-pumped device showed

excellent performance and a wide tuning bandwidth of over 100 nm. Next, the improvements in

integrated photonics for visible light were put together to demonstrate Raman lasing at these wave-

lengths. Not only was excellent performance demonstrated, but Raman-mediated polarization

transitions were studied. Furthermore, as the Raman gain was studied over the bandwidth of the

resonator, we could clearly observe hallmarks of Stokes-mode matching and enhancement only in

certain regions.
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Chapter 5 included a technical discussion of the Generalized Nonlinear Schroedinger Equation

as it is relevant for diamond, including crystalline anisotropy and the tensorial nature of the third-

order nonlinear susceptibility. From this foundation, we demonstrate four-wave mixing at visible

wavelengths in a diamond platform, the shortest-wavelength demonstration to our knowledge. We

also design, simulate, fabricate, and test a diamond waveguide device for supercontinuum genera-

tion at visible wavelengths in a novel architecture. These early experimental results show incredible

promise for future exploration. Finally, we discuss frequency comb generation within the context of

diamond microresonators. Presenting early simulations which neglected some terms in the GNLSE,

we see promising early results. However, upon further investigation, we show that resonator de-

sign must be finely tuned in order to allow comb generation. Lastly, we make suggestions on how

the model could be further improved, including simulations of coupled, cross-polarized modes in a

nonlinear, crystalline waveguide.

The final chapter, Chapter 6, includes a brief survey of efforts towards metasurface optics made

frommonolithic diamond. We reviewed and presented results based on anti-reflective coatings for

CO2 laser wavelengths (10.6 μm) and extended them to quarter wave plate designs. Finally, we dis-

cuss a metasurface focusing lens design made of monolithic diamond. This lens was demonstrated

experimentally and could be further improved.

In conclusion, the areas spanned by this PhD, although confined to the material of diamond, be-

gin the process of answering emerging questions in photonics, and form the foundational ground-

work for researchers beginning to look deeper into their systems. The insights gained in studying

the nonlinear frequency generation processes - either Raman- or Kerr-mediated, are going to be im-

portant to apply in a variety of systems, especially in those where the Raman response is strong or

the material is crystalline.

From the standpoint of diamond-based devices, be they quantum or photonic, considerable ef-

fort has been poured into reinforcing the foundations for next-generation and advanced systems and
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architectures. With the careful accounting for fabrication done in this thesis, we hope that future

researchers in the domain of diamond will have an easier time getting started and be able to apply

some of the knowledge gleaned here into their own work. After all, though this thesis may be com-

ing to an end, integrated optics in diamond has not seen its sunset. A number of devices can still be

explored, from better-performing Raman lasers, to improved supercontinuum-generating architec-

tures, to more interesting metasurface optics. Ultimately, we hold out hope that there may one day

be a functioning frequency comb in the visible for diamond. The area of diamond photonics, and

integrated nonlinear optics in general, will only see more and more activity as concepts advance and

new application areas develop. With the conclusion of this thesis, we are well on our way.
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