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Abstract

Presented in this thesis are efforts to develop a hybrid integrated optics platform con-
sisting of the materials gallium nitride (GaN) and diamond. Wide-bandgap materials
such as these are important for short wavelength (UV-visible) applications, or appli-
cations spanning broad bands of the electromagnetic spectrum. First, a passive GalN
photonic chip was fabricated and characterised. Racetrack resonators featured low losses
of 3.13 dB/cm and intrinsic quality (Q) factors of 1.22 x 10° were measured. A second
chip featuring actively tunable devices using thermal micro-heaters featured a tuning ef-
ficiency of 11.658 pm/mW and a 3 dB full peak-switching bandwidth of 13.4 kHz. This
is the first example of an actively tunable GaN micro-resonator. A high-Q diamond
micro-disk resonator (intrinsic Q@ = 1.6 x 10%) was then integrated with the passive GaN
chip using a micro-transfer printing technique. It was printed in series with a mono-
lithic GaN micro-resonator, so that their respective performances could be measured
effectively simultaneously. Finally, the performance of the hybrid wide-bandgap device
for the application of photonic thermometry was examined. The high accuracies afforded
by the dual-material device lead to a fivefold improvement in single-shot temperature

errors over similar silicon devices.
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Chapter 1

Introduction

1.1 Motivation

Integrated optics is the technology concerned with the manipulation of light on length
scales commensurate with optical wavelengths. It is, in other words, aimed at fabricating
photonic integrated circuits (PICs); with which some combination of generation, routing,

modulation, and detection of optical signals can be performed on micron scales.

The historic focus of integrated optics has been telecommunications. Of particular
importance is the chip-scale multiplexing of several wavelengths into fibre-optics for
high-bandwidth, low-power communications. In this endeavour silicon PICs have been
phenomenally successful, and they are now commercially available as fully packaged
rack-mounted transceiver modules [1]. Recent demonstrations have shown data rates of
1.6 Tb/s for silicon photonic transmitters, and 800 Gb/s for a photonic engine (consisting
of fully integrated on-chip control electronics and optics) [2]. For the world’s power-
hungry data centres, in which IP traffic is growing exponentially, PICs are becoming

essential.

The success of PICs is not limited to this one field however, and is being replicated
elsewhere. Increasingly, they are being implemented in diverse applications, from label-
free biosensing [3] to quantum cloud computing [4]; each with their own disparate set
of device requirements. Other new applications are emerging which require PICs op-
erating at visible wavelengths where photon energies are greater than the bandgap of
traditional materials like silicon, and are thus absorbed [5]. This is the impetus driving
the development of new wide-bandgap material platforms, transparent from the UV,
through visible, and out to IR wavelengths. Several concept proofs in various materials
have been performed, but few are scalable in the same way as silicon — though silicon

nitride has begun to address this.
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Presented in this thesis are efforts to develop a wide-bandgap gallium nitride (GaN) on
sapphire integrated optics platform: from the design, fabrication, and characterisation
of low-loss waveguides to high-Q and electrically tunable microring resonators (crucial
components of planar lightwave circuitry). Finally, since enhanced functionality often
requires the hybrid integration of multiple materials on one PIC, after the development
the GaN platform itself, micro-transfer printing is used to integrate diamond microdisk
resonators with the GaN. Experiments using the hybrid chip for highly accurate photonic

thermometry show performance that significantly improves on the state-of-the-art.

The remainder of this chapter will provide a brief history of the field of integrated
optics and provide an overview of the state-of-the-art for other wide-bandgap integrated
optics materials. The general case for GaN and diamond is then made, before details
of the growth and attractive properties of each are highlighted. Following this, the
theory of optical microring resonators is explained, with details on how analysis of their
transmission spectra will be performed throughout this thesis. Finally, the structure of

the thesis and contributions of each chapter are outlined.

1.2 The path to wide-bandgap integrated optics

The transmission of light inside a guiding medium was first demonstrated in 1842 by
Daniel Colladon, using nothing more than focused sunlight, a tank of water, and a valve
producing a steady stream (Figure 1.1). By injecting light into the stream at a small
angle, total internal reflection all along the ‘light pipe’ is achieved. Only if the stream
is turbulent or obstructed in some way does the light it contains dramatically escape,
illuminating an otherwise dark room [6]. Colladon described this demonstration as “one
of the most beautiful, and most curious experiments that one can perform in a course

on optics.” [7].

Total internal reflection had been studied since at least Kepler’s time, so in that sense
Colladon’s demonstration was nothing extraordinary. The concept of confining light
along some set path did however lead to a number of practical inventions in the late
19 century; such as glass rods used by surgeons and dentists to illuminate hard-to-
reach places, without the significant excess heat generated by oil lamps or incandescent

bulbs harming their patients [8].

The ray optics picture of transmission along a light pipe is sufficient as long as the cross-
sectional size of guiding medium is large in comparison to the optical wavelength. In
fact, this description was all that was available at the time. Maxwell’s electromagnetic

field theory and conjecture that light is a transverse electromagnetic wave would not
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Figure 1.1: Colladon’s apparatus for demonstrating the guiding of light by total
internal reflection along a cascading water stream. In this case an arc lamp is used
instead of sunlight, as in his earlier demonstrations. Adapted from: [7].

be developed until 1864 [9]; and not proven experimentally by Hertz until 1888, who
was the first to produce and measure the properties of radio waves and microwaves [10].
Hertz was one of the few physicists in Europe who fully appreciated the importance of
Maxwell’s work over the more popular action-at-a-distance theories which postulated an
infinite speed of light. With the apparatus in Figure 1.2 (a,b), he was able to study the
polarisation and refraction of 66 cm microwaves [11]. Additionally, he was the first to
measure electromagnetic resonance curves by tuning the length a receiver coil to be in

resonance with a spark-gap radio transmitter — as in Figure 1.2 (c) [11].

Independently of Hertz, a self-taught electrical engineer and physicist named Oliver
Heaviside would recast Maxwell’s originally unwieldy electromagnetic theory, consisting
of 20 equations and 20 variables, into the four succinct vector equations still in use today
[12-14]. He would also be one of the earliest scientists to begin applying Maxwell’s equa-
tions to the field of telecommunications [15]. Then, in 1897 Lord Rayleigh analysed the
boundary-value problem of Maxwell’s equations confined to hollow metal and dielectric
waveguides, being the first to make the observations that will appear later in this thesis
[16, 17]:

e Plane waves propagating in waveguides exist only as part of a set of normal modes

— somewhat like the modes of vibration of a bounded two-dimensional membrane.
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(c)
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FIGURE 1.2: (a) A 2 m rotating frame, on which parallel metal wires were mounted,
thus acting as a polarisation filter for incident microwaves. (b) A triangular prism,
filled with pitch or asphalt and weighing 450 kg, used for studying the refraction of
microwaves. (c¢) Hertz’s spark-gap radio transmitter resonance curve. Adapted from:

[11].

e Guided waves either have a longitudinal magnetic field component, or a longitudi-
nal electric field component. In the former case, since the electric field is entirely
transverse to the direction of propagation, this polarisation state is called trans-

verse electric (TE). Similarly, the latter case is called transverse magnetic (TM).

e There exists a cut-off frequency (or wavelength), below (or above) which no prop-
agating solutions exist. This cut-off is related to the dimensions and refractive

index of the guiding medium.

For an explanation of dielectric waveguide theory, and analysis of the guided modes of a
planar slab waveguide, refer to Appendix A. It would be another 40 years before these
principles were put into practice with the simultaneous development by Southworth and
Barrow of the hollow metal waveguide [17]. Low frequency radio waves were the first
forms of electromagnetic plane waves that could be generated on demand, and their long
wavelengths necessitated relatively large waveguides, like the one shown in Figure 1.3 (a).
Once coherent laser sources became available [20, 21], the promise of high bandwidth
long distance optical communication drove much research into optical cables made of
glass. Initially propagation losses were prohibitively high (1000 dB/km), but in 1966
Kao and Hockham showed this was due to absorption by impurities in the glass, and the
theoretical loss limit was far lower [22]. Naturally, shorter wavelengths require smaller
guide dimensions for single-mode operation, as in Figure 1.3 (b), which depicts a modern
single-mode IR fibre-optic cable, whose core has a diameter of 8 um. As an aside, the
concept of using modulated light instead of modulated electricity for communications

was in fact one contemporary with the invention of the telephone itself. Alexander
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(b)

FIGURE 1.3: (a) Hollow metal RF waveguide [18]. (b) Single mode IR optical fibre,
with the standard core diameter of 8 um. (c¢) Silicon photonic wire waveguide, Adapted
from: [19]

Graham Bell himself actually developed an early form of optical communication system

in 1880 — the photophone — which used sunlight [23].

Finally, publishing in The Bell System Technical Journal in 1969, Miller proposed a
“a miniature form of laser beam circuity”, and further “miniature forms for a laser,
modulator, and hybrids.” [26]. In the same journal issue, Marcatili comprehensively
analysed rectangular dielectric waveguides, and showed how the optical coupling between
two parallel guides can be used to form a 50:50 splitter, operating, for the first time,
over microscopic dimensions [27]. The seminal work of Miller and Marcatili showed
that the microfabrication technologies being developed for electronic integrated circuits
(thin-film deposition, photolithography, dry etching, etc. [28]) could just as easily be
applied to the fabrication of photonic integrated circuits (PICs), and the realisation of

integrated waveguide lasers, phase modulators, optical filters, and couplers.

Several potential material platforms were explored for different applications and different
wavelength ranges. A notable case was GaAs — an active material capable of lasing as
well as passive waveguiding (Figure 1.4). Although intrinsically passive, silicon would
eventually become the standard-bearer for integrated optics [29], because of its low losses,

tight optical mode confinement, and CMOS fabrication compatibility [30]. A common
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FIGURE 1.4: (a) An early integrated optical frequency multiplexer, where 6 GaAs-
AlGaAs DFB diode lasers are monolithically integrated with passive AlGaAs waveg-
uides which couple to a single optical fibre. Adapted from: [24]. (b) Topics of publica-
tion in the ‘first’ 7 years of integrated optics, from 1969 to 1976 Credit: [25]

silicon waveguide cross section is shown in Figure 1.3 (c), which features a standard SOI
silicon thickness of 220 nm [19].

1.2.1 Wide-bandgap materials

Early research efforts were predominantly focused on telecommunication applications
operating in the near-IR wavelength range compatible with low loss fibre optic cables.
Silicon has broadly excelled in this region of the electromagnetic spectrum. However,
its relatively narrow bandgap (1.1 eV) precludes its usage for applications below around
1 wm, where there are now numerous applications that could benefit from chip-scale
integration [5, 31]. This is driving the development of new wide-bandgap materials,
whose transparency windows allow the extension of integrated optics into shorter wave-
lengths. These include: silicon nitride [32-34], aluminium nitride [35-37], aluminium
oxide [38, 39], tantalum pentoxide [40, 41], titanium dioxide [42], silica [43], Hydex
(doped silica) [44], polymers [45-48], silicon carbide [49, 50|, lithium niobate [51], gal-
lium phosphide [52], diamond [53-55], and gallium nitride [56-58].
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Of these materials, the greatest interest has been given to silicon nitride (SiN), alu-
minium nitride (AIN), and lithium niobate (LiNbOs, or simply LN). Fully fabricated SiN
PICs can be sourced from commercial foundries [59]; or alternatively, large area wafers
can be purchased for in-house fabrication. By utilising a photonic Damascence process
in which the SiN waveguide core is not exposed to a dry-etch step [60], foundry-sourced
waveguides feature some of the lowest losses in the field — on the order of 1 dB/m [61]
(note the units of m~'). However, SiN lacks a second order optical nonlinearity (x(?),
meaning nonlinear applications are limited to those achievable with the much weaker
third order nonlinearity (x(*) [62]. These terms will be explained in more detail later

in this chapter.

Aluminium nitride is available in large area wafers. Unlike SiN, AIN has a moderate x(2),
with which impressive nonlinear demonstrations, including highly efficient second har-
monic generation [63], have been performed. Of the three, AIN has the widest bandgap
(AIN: B, =6.2 eV, SiN: E; =5.1 eV, LN: E;, = 3.7 €V), and as such it has the greatest
operational transparency window. In demonstration of this, resonator quality factors
exceeding 2 x 10* have been measured at wavelengths of just 369.5 nm [36]. Propagation

losses as low as 3 dB/cm have been measured at 635 nm [64].

Finally, LN possesses the greatest x(2) — approximately 30 times larger than AIN [51].
This makes it the pre-eminent material for many nonlinear processes, such as the rapid
modulation (500 GHz) of optical signals using electro-optic switching [70]. The etch-
ing of waveguides in LN is made difficult by the non-volatility of its etch products in
typical dry-etch gases such as chlorine, fluorine, and oxygen. Besides raising the issue

of redepositing etchants onto devices and etch-chamber walls, this also tends to mean

TABLE 1.1: UV-visible integrated optics state-of-the-art. Ring resonators are fully
etched unless otherwise stated. Q;: intrinsic quality factor.

Device Dimensions (pm) A (nm) Q; (x10%) Loss
w X h,r (dB/cm)

AIN ring [36]  0.25 x 0.2, 40 369.5 20 -

AIN ring [65] 1 x 0.55, 60 532 147 7.3

AIN ring [36] 0.45 x 0.2,50 638 170 -

AIN ridge [64] 3 x0.8 520 (635) - 13 (3)

SiN ridge [66] 0.7 x 0.1 660 - 0.51

SiN ridge [67] 0.4 (0.7) x 0.23 532 - 3 (1)

SiN ridge [68] 10 x 0.25 632-780 - 0.1-0.2

SiN disk [69] — x 0.203, 20 652-660 3400 -

LN rib ring 0.48 x 0.18/0.12,100 637 11000 0.06

51

AlLOs;  ridge 0.6 x 0.1 371 _ 2.89

[38]

AlyOg3 ring [38] 0.5 x 0.1,90 405 470 2.6
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dry-etch waveguides can only be fabricated with very physical etch processes (i.e. sput-
tering with argon) [71]. Despite this, with recipe optimisation, propagation losses of
just 0.06 dB/cm have been reported at 637 nm [51]. Table 1.1 gives an overview of the
state-of-the-art in the field.

The question of which material, if any, will come to dominate short wavelengths in
the same way silicon has dominated longer wavelengths likely has no simple answer.
It is worth noting that even silicon, lacking its own efficient optical source, requires
heterogeneous integration with other active materials to achieve fully integrated devices
for telecommunication applications [72, 73]. In a similar fashion, other applications
across the electromagnetic spectrum often require sets of properties not found in a single
material (and which may indeed be mutually exclusive in some cases). To overcome
this, the hybridisation of multiple materials presents an excellent route toward utilising
complementary properties on a single photonic chip — just as has been the case for

silicon. This is discussed in more detail in subsequent chapters.

Figure 1.5 shows the operating bandwidths of some integrated optics applications, and
how wide-bandgap materials are necessary to access technologies at shorter wavelengths.
Although all quite distinct topics, the general motivations for integrating these applica-
tions on a photonic chip are: improvements in stability, resilience from environmental

changes, and eventually, improved economy — resulting from the drastic reduction in

Silicon I:zand edge

Infra-Red

Fiber Telecom and Datacom

Fiber RF and Microwave Photonics

1 Frequency Synthesis and Comb Generation

Quantum Processing and Communications

Tissue Applications (INSPEC)

700 1000 1310 1550 2000 2350
Wavelength (nm)

F1cURE 1.5: The operating wavelength ranges of various integrated optics applications
from UV to IR. Adapted from: [5]. OCT: optical coherence tomography.
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device footprint when compared with bench-top or rack-mounted equivalents. These
arguments would be familiar to Miller, and indeed appear in some form in his original
1969 paper; but they take on a heightened significance when some of the new quantum
applications specifically require long-term stability and isolation from decoherence mech-
anisms as a requisite for successful operation [74]. Transparency over a wide wavelength
range is also necessary for a number of nonlinear processes, such as frequency conversion
utilising second harmonic generation from 1560 nm to 780 nm in a GaN microresonator,

for example [56].

Given their broad transparency ranges and complementary properties, the materials
used in this thesis are GaN and diamond. Diamond possesses a number of superlative
thermal and optical properties, but utilising them in a scalable way is difficult because of
limitations in the growth of the material best suited for integrated optics applications (i.e.
large area wafers, on low index substrates). GaN meanwhile is commercially available in
large areas and can be grown on sapphire. It has the additional benefit of a moderate x(?)
nonlinearity (whose magnitude lies between AIN and LN). These factors are discussed

in greater detail in the following sections.

1.3 DMaterials

1.3.1 Gallium nitride

It is difficult to overstate the importance of group IIl-nitrides such as GaN. Used in
the fabrication of light emitting diodes (LEDs), GaN has revolutionised lighting systems
across the world by plugging a gap in the electromagnetic spectrum for semiconductors
emitting blue wavelengths. In combination with long pre-existing red and green LEDs,
highly efficient white LEDs — and all the benefits thereof — were then possible [77].

Shown in Figure 1.6 are the unit cell and crystallographic planes of GaN, which under
normal conditions crystallises in the hexagonal wurtzite structure. GalN is commonly
grown by metalorganic vapour phase epitaxy (MOVPE) or hydride vapour phase epitaxy
(HVPE) on sapphire substrates, but can also be grown on Si or SiC [78]. GaN grown
on c-plane sapphire has a polarity that is either parallel or anti-parallel with the [0001]
direction as drawn in Figure 1.6(a,b). This polarity is often termed either Ga-polar or N-
polar GaN, depending respectively on whether growth proceeds with the as-drawn [0001]
or [0001] directions normal to the surface of the sapphire [79]. Transparent deep into the
UV, stable at the high temperatures associated with MOVPE, and readily available in
good quality, large area templates, sapphire is in some respects an excellent substrate for

GaN heteroepitaxy. However, a 16% lattice constant mismatch (reduced from 33% by
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FIGURE 1.6: (a) Wurtzite GaN crystal structure. The unit cell is denoted by solid
black lines, while the dashed lines help make clear the hexagonal symmetry present.
Adapted from: [75]. (b) Labels of the different planes in the wurtzite structure. (c)
Orientation of c-plane GaN grown on c-plane sapphire (AlsO3), with their respective
lattice constants labelled. Adapted from: [76].

a 30° rotation of the GaN unit cell, as in Figure 1.6 (c)), and a 39% thermal expansion
coefficient mismatch, both significantly hinder the growth of quality GaN films. Another
result of the rotation of the nitride’s unit cell when grown on c-plane sapphire is the
misalignment of their natural cleavage planes. For larger devices such as GaN laser
diodes, the lack of mirror quality laser facet definition is a serious issue [80]. However,
the fabrication of micron scale waveguide devices is still possible, at the cost of increased
insertion losses. In any case, polishing of facets as in Chapter 3 may ameliorate this

issue.

In 1986, Amano et al. discovered that the growth of smooth, optically flat, crack free
GaN, could be achieved if a buffer layer of aluminium nitride (AIN) is first deposited
on the sapphire at low temperatures [82]. The “low-temperature deposited buffer layer
technology” is still in use today; or variations thereof. All-GaN layer structures are also
possible with the low temperature deposition of a buffer layer of GaN [83]. For either

2

method dislocation densities are relatively high, with values of 10® ¢m™? commonly re-

ported. Scanning electron microscope (SEM) images of GaN growth following Amano’s
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FIGURE 1.7: SEM images of MOCVD GaN on (0001) sapphire, with (right) and with-
out (left) a low temperature AIN buffer layer. Adapted from: [81]

two step method (600 °C AIN deposition, 1000 °C GaN deposition) are shown in Fig-
ure 1.7. It is quite clear that GaN grown without a buffer layer is completely unsuitable

for the fabrication of optoelectronic devices, let alone micron scale waveguides.

1.3.1.1 GaN properties pertinent to integrated optics applications

For applications in integrated optics GaN has a number of attractive properties. First,
it is broadly transparent; from 365 nm to 7 pm [84], though theoretically extending out
to 13.6 um [85]. It has a wide bandgap of 3.4 eV, limiting two photon absorption. Its
stiff wurtzite structure, comprised of strongly ionic bonds, makes it capable of handling
high temperatures and high optical powers without damage. As seen above, it can be
grown on a low-index substrate such as sapphire (n ~ 1.76), and given its own relatively
high refractive index (n ~ 2.39), this leads to good optical confinement in the GaN layer,
even if there is an intermediate AIN buffer layer (n ~ 2.16). The process of fabricating
waveguides in GaN also benefits from the relative maturity of the technologies and
recipes developed for optoelectronic devices such as micro-LEDs. Particular examples
include reactive ion etching (RIE) in Ar/Cly or Ar/Cly/BCls plasmas [86, 87].

The final property that makes GaN interesting, particularly for integrated nonlinear op-
tics, is its lack of inversion symmetry. This means the crystal structure has no centre of
symmetry, through which reflections would otherwise map points onto identical points.
Non-centrosymmetry is a requisite for second-order nonlinear processes, such as linear
electro-optic tuning, second harmonic generation and sum/difference-frequency conver-
sion. Without going into details beyond the scope of this discussion, the time-varying
polarisation (or net dipole moment per unit volume), P(¢), can written as the following

power series with respect to an incident electric field E(¢):
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TABLE 1.2: Some of the physical effects of each electric susceptibility component.

Term Effects

Re (X(l)) Dispersion, birefringence, linear  refractive in-
dexn = /14 W

Im (X(l)) Linear absorption, gain

Re (X(2)) Pockels effect, electro-optic tuning, three-wave mixing, sec-

ond harmonic generation, frequency conversion, optical
parametric oscillation
Im (X(Q)) 0, always

Re (X(S)) Kerr effect, four-wave mixing, third harmonic generation,
frequency conversion
Im (X(S)) Raman scattering, two photon absorption
P(t) = eoxE(t) = &0 <X(1)E(t) +xPE2 (1) + xOE (1) + ) : (1.1)

where x (™ is referred to as the nt" order susceptibility and &g is the vacuum permittivity.
This time varying polarisation can then act as a source for new components of the
electromagnetic field, according to Larmor’s theorem [62]. Susceptibilities are complex
numbers, whose real and imaginary components (related to each other through the
Kramers-Kronig relations) are responsible for the dielectric properties of the material,
and in turn to that material’s response to incident electric fields. Imaginary components
are responsible for dissipative processes that involve energy exchange with the material
(eg. inelastic Raman scattering). For reference, the effect of each component is collated
in Table 1.2.

All materials have x() and x(®) nonlinearities, but only non-centrosymmetric ones have
X(2)- Second-order materials, which thus provide access to the lowest order of nonlinear
processes, are thus of huge importance. In the field of GaN integrated optics, there
have been demonstrations of four-wave mixing in waveguides [88], as well as microring-
resonance enhanced parametric oscillation [89] and second harmonic generation [56].
These results, in combination with studies on bulk material, allow us to glean a picture
of GaN’s place in the gamut of nonlinear optics materials. However, since nonlinear sus-
ceptibilities are often extracted from the conversion efficiencies of the interacting fields
(e.g. the efficiency of converting an input power to output second harmonic power),
which are themselves subject to numerous other factors, direct comparison can be dif-
ficult [90]. Nevertheless, some GaN nonlinear susceptibilities from literature are shown
in Table 1.3.

GaN is on the same order, though moderately less than lithium niobate, which in similar
SHG measurements has x(?) = 41.7 pm/V [94]. However, GaN has the advantage of

a broader transparency range, and thus the potential for generating wavelengths in
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TABLE 1.3: Measurements of GaN’s second order nonlinear susceptibility, all at
telecomms wavelengths. OPO: optical parametric oscillation, MRR: micro-ring res-
onator, SHG: second harmonic generation.

Source Comments Value
Xiong 2011 [56] ~ SHG in MRR x® =16 + 7pm/V
Zheng 2022 [89]  OPO in MRR x? = -9 pm/V

Zhang 1998 [91] Maker-fringe measurements x?) = —16.5 pm/V
[92] on GaN:Mg films

Abe 2015 [93] Maker-fringe measurements x(? = —3.840.2 pm/V
on bulk GaN

the near UV to far-IR by nonlinear frequency conversion [85]. Furthermore, lithium
niobate’s remarkable nonlinear properties also make it strongly photorefractive, meaning
its refractive index changes under illumination. The photorefractive effect cannot be
described by x(™ for any n, and it is independent of intensity, meaning it can be strong
even at low powers [62]. This effect is severe enough to impede device performance in
cavity enhanced nonlinear processes, though schemes for mitigating its effects have been
developed [95]. GaN compares favourably to other III-nitrides such as AIN, for which
SHG-based extractions of x(?) have yielded 4.7 pm/V [96].

1.3.2 Diamond

Diamond’s excellent mechanical, chemical, and electronic properties are well known,
and in many cases make it the best-in-class material for related applications. For in-
tegrated optics the properties of central interest are its wide-bandgap (5.5 eV), broad
transparency window (from 225 nm out to far IR), high refractive index (n = 2.4), excep-
tional Raman gain coefficient (10 cm/GW [97]), and superlative temperature handling
abilities, stemming from its low thermo-optic coefficient, low thermal expansion, and
unmatched thermal conductivity of 2000 W/m-K. This has led to diamond’s extensive
use as a heatspreader for high power vertical-external-cavity surface-emitting lasers [98]
and high power GaN-diamond transistors [99]; as well as monolithic [100] or integrated

Raman lasers [97].

For quantum applications, diamond is host to hundreds of optically active atomic scale
defects, or colour centres. Many of these defects —notably the nitrogen vacancy (NV) and
silicon vacancy (SiV) centres — are on-demand optically addressable single photon sources
that can operate at room temperatures. Such defects are extremely useful resources in
optical quantum computing [101-103], communications [104-106] and in the case of the

NV centre, magnetometry [107-110].
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1.3.2.1 Structure and growth

Diamond is tetrahedrally bonded carbon; forming a crystal structure most easily thought
of as two intersecting face-centred cubic lattices offset by i the unit cell in each direc-
tion. It is a monatomic analogue of the zinc-blende structure (in which GaN may also
crystallise, under special conditions), and is thus centro-symmetric, having x® =o0.
Under normal temperatures and pressures graphite is the more stable allotrope of car-
bon, having a standard enthalpy 2.9 kJ/mol below diamond’s [113]. Diamond therefore
owes its existence to an extremely large activation barrier which prevents its sponta-
neous conversion back to the energetically favourable graphite phase (Figure 1.8 (a)).

Once formed, diamond is thus kinetically stable, though not thermodynamically stable.
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FIGURE 1.8: (a) Carbon allotrope structures, and illustration of the energy activation
barrier preventing the conversion of diamond to graphite. Crystal structures adapted
from: [111] (b) Carbon P-T phase diagram. Credit: [112]
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This presents an interesting challenge when trying to grow diamond. There are two
primary methods: high pressure high temperature (HPHT) synthesis, and chemical
vapour deposition (CVD). In HPHT, diamond seed crytals, graphite (or other high
purity carbon source), and a metal catalyst are placed in a hydraulic press designed to
mimic the extreme conditions under which natural diamonds form underground — tens of
thousands of atmospheres and temperatures around 2000 K [113]. Besides the expense
of maintaining such extreme conditions, this method of growth is more suited to the
production of artificial gemstones, and not to the formation of a thin-film of material

useful for photonics applications.

By comparison, CVD operates at low temperatures and pressures. The P-T phase di-
agram shown in Figure 1.8 (b) delineates the conditions under which HPHT and CVD
operate. Purely thermodynamic considerations suggest that the pressures and temper-
atures associated with CVD growth should lead to graphite only. The success of CVD
therefore rests on a complex chemical and physical process — a detailed understanding
of which is relatively new [114]. It is now understood that hydrogen is the most impor-
tant element in the gas phase, primarily because it etches sp? bonded carbon (graphite)
much faster than sp? carbon (diamond). In this way, the diamond lattice is slowly
assembled, as graphitic carbon atoms are continuously etched and returned to the gas
phase [113, 115].

1.3.2.2 Substrates for diamond epitaxy

Substrates for diamond heteroepitaxy are fairly limited. Although inexpensive, nucle-
ation on silicon substrates is difficult and usually requires either scratching the surface
with a diamond-grit abrasive; or utilising bias enhanced nucleation (BEN), whereby the
substrate platen is negatively biased in order to bombard the substrate with positive
ions, subplanting it with carbon containing species [115, 116]. The largest area and
highest quality single crystal diamond grown by this method has been on single crystal
iridium (on yttria stabilised zirconia, on silicon) [117]. However, the scalability of this

method is limited by the extremely high cost of the substrate materials.

This leaves diamond homoepitaxy. Optical quality single crystal diamonds are regularly
grown by homoepitaxy on pre-existing single crystals (themselves grown by CVD or
HPHT). However, this limits the achievable size of the diamond to not much larger than
the seed crystal. There are methods around this, such as the one shown in Figure 1.9.
Several smaller suitable diamond ‘clones’” may be carefully tiled together, effectively

forming a larger area substrate for subsequent diamond homoepitaxy. After growth,
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FIGURE 1.9: Repeated growth, lift-off, tiling, and re-growth steps to achieve large area
free-standing diamond. Credit: [118]

sub-surface damage at a controlled depth, induced either by a powerful laser or ion-
bombardment, can then be selectively chemically etched, lifting-off the new diamond.
After polishing, the process can be repeated, until relatively large area diamonds result
[118]. The success of this method relies on how well aligned each diamond clone is in the

greater structure, as misalignment leads to strong variations in the diamond morphology.

While impressive and promising, these endeavours in growth serve to highlight that the
kind of material of most use for planar lightwave circuitry (e.g. large lateral dimensions,
single-mode thickness, low refractive index substrate) simply does not yet exist. Silicon
on insulator is available in 200 mm wafers, GaN on sapphire in 2-4” templates, and
single-crystal diamond only as free-standing plates mm in size. Furthermore, since they
are lifted-off and polished from their growth substrate (as in the above tiling method),
they are typically only available in thicknesses of several tens of microns — much too

thick for single mode operation at optical wavelengths [119].

1.3.3 Hybrid integration of diamond and GaN

An extremely promising and increasingly widespread method to circumvent the above
difficulties with diamond growth is to first fabricate small diamond components, before
integrating them with another material platform which does not suffer the same issues.
That platform should be commercially available in larger areas, and possess properties
not intrinsic to the diamond that may enhance device functionality (e.g. second-order

optical nonlinearities).

In the remainder of this thesis, the platform investigated is GaN on sapphire, and the
integration method is micro-transfer printing. GaN is an excellent host platform for

diamond because of their similar refractive indices — easing phase-matching requirements
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between optical modes in each material and reducing interfacial scattering losses. Both
indices are around 2.4 at 637 nm, which incidentally, is the zero-phonon line emission
wavelength of diamond’s NV centre [104]. Additionally, GaN can be fabricated on
much larger scales than mm-sized diamond platelets, and possesses the second-order

nonlinearity which is lacking in diamond.

1.4 Microring resonator theory

Microring resonators are a fundamental component of integrated optical platforms and
allow measurement of key performance parameters such as waveguide loss and dispersion.
They are employed in a range of measurements in the following chapters, and so are

treated in some detail here.

Waveguides forming closed loops — usually taking the form of rings, disks, or racetracks
— constitute a class of optical microresonators used extensively in integrated optics. If a

whole number of wavelengths fit into the optical path length of the loop, or:
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FIGURE 1.10: (a) Finite-difference time domain simulations of a silicon microring res-
onator, radius 5 pm. A broadband pulse, centred on 1592.5 nm with a bandwidth of
2.5 nm, is injected into the bus waveguide (bottom left). The plots show the square
magnitude electric field distributions 10,000 fs after simulation start, for four different
wavelengths: from off-resonance (i), to on-resonance (iv). (b) Model transmission spec-
trum of a microring resonator, with terms labelled.
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then the microresonator is said to be on resonance. n.s¢(A) is the effective index of
the circulating mode, and L is the physical cavity length. Not to be confused with
the cross-sectional waveguide mode of effective index n.sy is the azimuthal ring mode,
described simply with the azimuthal mode number m. Coherent light at the resonance
wavelength \..s constructively interferes inside the loop, leading to a significant build-up
of optical intensity (Figure 1.10 (a-iv)). This effect is used to enhance their efficiency
as integrated lasers [120], and the efficiency of other nonlinear processes such as second
harmonic generation [121, 122] or photon-pair generation by four wave mixing [123]. In
addition, the sensitive wavelength dependence offered by these microresonators makes
them well suited to applications as wavelength filters [124], frequency combs [125], in-
tensity modulators [126], phase modulators [127], wavelength division (de)multiplexers
[128], and sensors (of anything that should shift n.f; or L) [129]. Figure 1.10 (a) shows
the simulated field distribution of a waveguide-coupled silicon microring resonator for
four different wavelengths, while Figure 1.10 (b) shows where these wavelengths might
lie on a model transmission spectrum; as well as showing the free spectral range (FSR),
full width half maximum (FWHM), and extinction ratio (ER).

1.4.1 Transfer matrix formulation

Consider a single waveguide ring adjacent to a straight bus waveguide, as in Figure 1.11.
The bus is situated close enough to the ring that optical power can evanescently couple
between the two. This configuration is known as an all-pass or notch filter, and will
feature heavily in subsequent chapters. The transmission characteristics of the resonator
are most commonly described in the transfer matrix formalism [130]. The four complex
mode amplitudes E;1, E;o, Ey1, Eys are normalised, so that their squared magnitudes
correspond to the modal power, and Fj;; is set to equal 1 so that 1 unit of power
is injected into the system at time zero. They are also harmonic in time, oscillating
according to exp(iwt), where w = 27v is the angular frequency. They interact in the

coupling region according to [131]:

E k\ (E;
o I (1.3)
Ey —k* r* Eio
where r and k are the complex coupling coefficients, denoting the self-coupling and

cross-coupling respectively. The coupling matrix determinant is equal 1, meaning power

is preserved in the coupling region:

Ir|? + k2 =1 (1.4)
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FIGURE 1.11: Model ring resonator with single evanescently coupled bus waveguide -
a configuration known as an all-pass or notch filter.

Thus |r|? and |k|? represent the power splitting ratios, and |k|? — usually replaced with

the Greek letter x — is the power cross-coupling from bus waveguide to the ring.

The field F;o is simply the field Eyo after one round trip of the ring, or:

Eiy = ae'®E (1.5)

where a is the single pass attenuation coefficient, making a? the single pass power trans-
mission factor. For a lossless ring, a = 1. ¢ is the phase accumulation in a single round

trip of the ring, given by:

6=BL =T no L, (1.6)

A
where 3 is the propagation constant of the circulating mode. Equations 1.3 and 1.5 are
enough to calculate expressions for the power in the ring and the power transmitted
in the bus waveguide, the latter of which we are most interested in. We find that the

transmission function of the notch filter, T;,, is:

2 2
+ 7% —2racos(o)
- ,_ @ 1.
T, = |En| 1+ (ra)? —2racos(¢)’ o

and resonances occur for ¢ = 0, 2m, 4, ....

It is also possible to calculate the effective phase delay added by the ring [30]:
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¢ =T+ ¢+ arctan <r$m<¢))> + arctan <msm(¢)> (1.8)

a —rcos(¢ 1 — racos(¢)

which is valid over a small detuning region around the resonance position. Before con-
tinuing, some caveats need to be introduced. First, the assumption that the coupling is
lossless could lead to artificially narrowed resonances since the FWHM decreases as loss
decreases. Thus, to keep the width correct these losses are included in the a term. When
discussing resonator losses, we are thus referring to a distributed loss, which is simply
derived from a? and is expressed in units of dB/cm. Contributions to the distributed
loss include sidewall scattering, material absorption, coupler-section scattering, and ra-
diative (bend) loss intrinsic to the microring iself. The distributed loss is necessarily
higher than the propagation loss of an equivalent waveguide, or indeed the intrinsic loss

of an uncoupled and isolated ring.

Second, note that a and r enter equation 1.7 symmetrically, meaning they can be freely
swapped without changing the output of the function. Thus, when fitting data with
a and r as free variables, care must be taken to ascribe the correct physical meaning
to each. To do so requires the parameterisation of one or the other (e.g. varying the
coupling by increasing the gap between ring and bus), so that trends across several
devices can be examined. Alternatively, since longer wavelengths are confined less for
a given geometry, they have greater cross-coupling fractions and it may be possible to

examine trends in a transmission wavelength sweep of a single device [132].

1.4.2 Coupling regimes

A ring resonator’s performance is strongly dependent upon the fraction of power coupled
from bus to ring. In the above description, this depends on the parameters a and r,
where r is related to the power cross-coupling & through x = 1 —r2. If r < a the ring is
over-coupled and if » > a the ring is under-coupled. If » = a, then the ring is critically
coupled, and at this point the transmission drops to zero. The difference in resulting
lineshapes is demonstrated in Figure 1.12 (a), which for a fixed a = 0.9, plots three model
resonances of varying r. In Figure 1.12 (b), the ER and FWHM of a model resonance
are plotted as a function of the ratio r/a (equal to 1 at critical coupling). Note how on
the under-coupling side of critical coupling the extinction very quickly tends to 0 dB,
while for over-coupling the extinction is non-zero for a much larger range of coupling
values. The FWHM meanwhile monotonically decreases with cross-coupling. Finally,
the effective phase delay, calculated for increasing r values, is plotted in Figure 1.12 (c).
In the over-coupled regime, there is a continuous positive increase in the phase added

by temporary storage of light in the ring. At critical coupling, there is an abrupt =
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FIGURE 1.12: (a) Resonant lineshapes, for a model resonator of fixed loss and varying
r. The under-coupled case is both the narrowest and shallowest. The over-coupled case
is broadest, and the critically-coupled case is deepest. (b) Extinction ratio (ER) and
peak FWHM for a single resonance and increasing r/a. At r/a = 1, critical coupling is
reached. (c) Effective phase delay for a small detuning around a resonance.

phase shift which leads to perfect destructive interference of the ring out-coupled and
bus self-coupled light, which in turn is why the transmission drops to zero when r = a.

An under-coupled ring actually decreases the phase-shift around the resonance.

1.4.3 Q factor and other dispersion related parameters

Physically, the quality (Q) factor of a microresonator is the number of oscillations of
the field in the loop before cavity loss attenuates the optical energy to 1/e of its initial

value. It is given by:

)\Tes

O FwHM

(1.9)
From equation 1.7, an expression for the FWHM can be found in terms of the loss and

power-coupling terms [30]:

(1-— ra))\reSQ

FWHM = ———
mngL\/ra ’

(1.10)
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Then, the Q factor can be expressed as:

mngL/ra

@= Ares(1 —ra)’

(1.11)

where ng is the group refractive indez, to be defined shortly.

Since the Q factor includes loss to the coupler, it must necessarily be lower than the
intrinsic Q factor of an identical, but isolated resonator. Thus, there is a distinction
between the loaded and unloaded (or intrinsic) Q factors. There is a simple relationship

between the two, which also includes the on-resonance normalised transmission, 7" [36]:

2Quoaded
Qintrinsic = 1 :toi/% (112)
The summation is taken in the denominator in the case of under-coupling, and subtrac-

tion in the case of over-coupling. Unless otherwise stated, in the rest of this thesis ‘Q

factor’ is understood to refer to loaded Q factor.

Finally, the free spectral range (FSR), which is simply the inter-peak spacing, is given
by [131]:

A2

FSR = ngiL (1.13)
Instead of the effective index, the preceding equations have used the group index, n,.
While the effective index describes the phase velocity, v, of a plane wave in a waveguide
according to: n.fs = c¢/vp, the group index describes the group velocity, vg, of the enve-
lope around a propagating pulse: ny = ¢/v,. Since waveguides are inherently dispersive
media (stemming both from the the constituent material’s chromatic dispersion and in-
dependent waveguide geometry dispersion effects), it is important to include the group

index in the previous equations. The group index is defined by the following [131]:

dneff
d\

Ng = Neff — A (1.14)
To see the effect of waveguide dispersion, consider the transmission spectrum shown
in Figure 1.13 (a); taken for a GaN racetrack resonator (discussed in greater detail in
Chapter 2). In this case, if the mean FSR of the first four resonances (solid red lines)
is projected across the entire spectrum (dotted red lines), the expected peak positions

quickly fall behind the actual peak positions. The reason for this is waveguide dispersion.
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In Figure 1.13 (b) the FSR, plotted for a centre wavelength between the two peaks of
interest, is seen to increase with wavelength. By simple rearrangement of equation 1.13,
these values can be used to plot the group index, also shown in Figure 1.13 (b). Waveg-
uide dispersion is usually quantified with the dispersion parameter, D, which describes
the spreading in time of a pulse at a given wavelength, for a given length of propagation,

and so has units ps/(nm x km). It is given by [133]:

_)\ dzneff _ ldny

c d\2 ¢ d\ (1.15)

Since ne ¢y is not easily accessible, we can more easily calculate D by using the slope of the
group index ngy (calculated simply from equation 1.13) with respect to wavelength. Fig-
ure 1.13 (c) plots D calculated with this method, and compares it with values extracted
from finite difference simulations. Since the extracted slope of n, strongly depends on
how well the measured values conform to a low order polynomial fit (usually of order
3), the relative agreement between the measured and simulated values is reassuring.
The GaN is displaying anomalous dispersion, whereby D > 0. The opposite case is

termed normal dispersion, and is more common among strongly confined optical modes
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FIGURE 1.13: (a) GaN racetrack resonator transmission spectrum, displaying the ef-
fects of dispersion on the FSR. (b) Calculation of n, from the FSRs extracted from the
spectrum.
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and shorter wavelengths, wherein waveguide geometric dispersion effects are more severe

[134].

1.4.4 Example parameter extraction using resonance fitting

Resonance lineshapes are Lorentzian, and may in the first instance be fitted with Lorentzian
functions. Indeed, to simplify the extraction of accurate centre wavelength positions
stymied by off-resonance asymmetry, this method is used later in Chapter 6. However,
equation 1.7 is also regularly used, both in this thesis and widely in literature, since it
conveniently provides information on resonator loss and coupling. It does not include
dispersion, so the process for fitting is usually to define a small dispersion-free window
around a resonance. The data in that window are then normalised so that equation 1.7
can be fitted — describing well the the transmitted light in a small region of phase/wave-

length detuning around the resonance.

The distributed loss and power cross-coupling can be extracted from the values a and
r, for which the (non-linear least squares) fit converges. This analysis remains valid
in even the most extreme cases: with short wavelengths, extremely narrow resonances
and exponential trends in cross-coupling. For example, consider the resonance in Fig-
ure 1.14 (a) — a measurement on a proprietary commercial silicon nitride platform. The
resonant wavelength is 635.5426 nm and the FWHM is just 0.43 pm, giving a loaded Q
factor of 1.49 x 105. The free parameters in the fit are found to be 0.99974 and 0.99649

(though we do not yet know for certain which is a and which is r).

Given the peak’s narrow width and relatively poor extinction, it is likely under-coupled,

and thus the smaller of the two fit parameters must be equal to a. This is confirmed
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FIGURE 1.14: (a) High Q resonance, fitted with equation 1.7. (b) Power cross-couplings
for increasing bus-ring separation gap, and three sets of waveguide widths. Narrower
waveguides confine light less, and so couple more.
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FIGURE 1.15: Extinction ratio and Q factor as functions of waveguide width. The red
arrow indicates the position of the resonance in Figure 1.14 (a).

by the peak’s location on the curves plotted in Figure 1.15, which shows the ER and
Q factor for rings of varying waveguide width. For a fixed wavelength, a decrease in
width pushes the confined mode towards cut-off, reducing confinement and increasing
cross-coupling. Therefore, in Figure 1.15, to the left of the critically coupled (maximum
extinction) position at 500 nm, the resonances are over-coupled, and to the right they
are under-coupled. This is corroborated by the monotonic increase in Q factor for
increasing waveguide width (decreasing cross-coupling). Knowledge of a and r allows us
to plot the extracted power cross-coupling fractions, this time as functions of increasing
gap between bus and ring. They closely agree with exponential fits (Figure 1.14 (b)),
as expected given the exponential dependency of the evanescent waves in the coupling

region between bus and ring.

By inspecting trends in FWHM and ER, neither of which depend on the fitting, we can
be sure we are subsequently assigning the correct meaning to each of the fit parameters.
This is especially important when characterising a new material platform, for which the
expected losses and couplings may not be known (although numerical simulations may
help with the latter). It is also particularly important for low loss resonances that may
be near critical coupling, as in the above. If however there is a large discrepancy between
the extracted fit parameters, it is often self-evident which corresponds to loss and which
to coupling, by comparison with coupling simulations or reasonable justifications of

extracted loss values.

1.4.5 Fano, asymmetric, and split resonances

We have so far described the response of an ideal microring resonator whose resonance

lineshapes are Lorentzian. Other lineshapes are possible, each stemming from a different
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FIGURE 1.16: (a) Example Fano resonance in a silicon microring Adapted from: [156],
with additional schematic describing Fano interference in the transmission waveguide.
(b) Asymmetric resonances plotted with the model provided in [137], which accounts
for differences in supermode losses in the coupling section. (¢) Example of asymmetric
resonance splitting, with non-degenerate counter-propagating modes in the ring. (d)
A resonance which is only moderately split, showing an effective flattening of the dip
minimum level.

physical deviation from this ideal case. Normally considered deleterious — the result of
fabrication errors — some of these lineshapes may have their own advantages because of
enhanced wavelength sensitivity and extinction ratios [135]. Whether to target a specific
application, or just to understand why a device isn’t performing as expected, it is im-
portant to appreciate where these deviations from the ideal lineshape come from. Note,
these lineshapes are not the result of low frequency modulations in the off-resonance
transmitted light, which may be coming from Fabry-Perot resonances in the bus waveg-
uide or broadband scattering from defects along the propagation length; but are instead

fundamentally different from normal behaviour as described above.

Fano resonances occur as the result of interference between discrete energy states and

a continuum of states, and as such are historically the domain of atomic physics [138].
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The typical asymmetric Fano lineshape has also been observed (or engineered) in reso-
nant photonic systems such as ring resonators (as in Figure 1.16 (a)) [135, 136], generic
waveguide coupled cavities [139, 140], and metamaterials [141]. Here, the discrete en-
ergy states are replaced with classical resonant modes — commonly the azimuthal modes
of a microring. Interference in the transmission line then occurs between an indirect
resonance-assisted pathway, and a direct pathway progressing via a continuum band of
non-resonant states [142]. In this sense, the typical Lorentzian lineshape described pre-
viously is in fact a special case of the more general case which includes Fano resonances
[143]. The relative coupling strengths between the direct and indirect pathways are what

determines the direction and magnitude of the asymmetry in the resonance.

Another source of asymmetry, previously studied for the case of fibre based rings, stems
from the dissimilar modal losses of the symmetric and anti-symmetric supermodes in
the coupling section (Figure 1.16 (b)) [137]. For a description of waveguide coupling,
and explanations of these supermodes, see Chapter 2. Youngquist et al. used these
two supermodes as a basis for an equivalent derivation of the transmission function of
a ring resonator [137]. Although describing macroscale loops of fibre, their description
should remain valid for integrated devices where bus and ring have similar cross sections
and are single mode. Since the symmetric supermode has a higher effective index, it
is more confined and should be attenuated less. Asymmetry is then a natural result of
their model, and if the two modes are given the same loss, Lorentzian lineshapes are

recovered.

The most prevalent deviation from a single Lorentzian lineshape is a double Lorentzian,
as in Figures 1.16 (c,d). With power entering the bus waveguide from the left, the ring as
drawn in Figure 1.16 (c) will never have its backward (clockwise, CW) propagating mode
excited. All of the power from the bus will couple to the forward (counter-clockwise,
CCW) mode. For a perfect ring the CW and CCW modes are uncoupled and degenerate,
i.e. they have the same resonant wavelength. If some scattering mechanism (usually
sidewall roughness) is present, optical power can couple from one mode to the other,
though they may still be degenerate. Counter-directional coupling leads to a build-
up of power in the CW mode, and in turn to a new basis set of system eigenmodes:
the two travelling CW and CCW waves, as well as new symmetric and anti-symmetric
standing wave linear combinations of these [144]. These modes are not degenerate,
and so the single Lorentzian splits in two. There are several physical contributions
to resonance splitting, and they are generally wavelength dependent — meaning one
resonance may exhibit it while the next does not. The primary source, especially for
rings with high index contrast, is sidewall roughess [145, 146], but it has also been
shown that perturbations caused by the presence of the coupling section itself contribute

to backscattering [144]. This means that the coupling length and gap can potentially
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be engineered to ameliorate (or induce, if desired) resonance splitting. Finally, if the
splitting is very slight, as in Figure 1.16 (d), the resonance may appear as more of a

narrowband-stop filter.

1.5 Chapter summary

This chapter gave a brief historical overview of integrated optics: from Colladon’s early
demonstration of total internal reflection along a jet of water, to the inception of planar
lightwave circuitry with Miller’s influential 1969 paper. The recent increase in demand
for wide-bandgap material platforms was elucidated, alongside a list of several potential
material platforms. An overview of the materials used later in this thesis was given, with
attention given to challenges in the growth of the kind of material suited for integrated
optics. The necessary theory of ring resonators was built up from the transfer matrix
formalism, and important expressions for the transmission function and Q factor of an

all-pass filter were given.

Chapter 2 details the simulation, design, fabrication, and optical characterisation of GaN
on sapphire racetrack and disk resonators, edge coupled to bus waveguides. Although
the simulations are for GaN on sapphire specifically, some more general details into the
numerical simulation of waveguides are given. A detailed analysis of the resonator loss

and coupling, as functions of varying racetrack parameters, is also presented.

Chapter 3 progresses to present, for the first time, electrically tunable GaN racetrack
resonators. After giving the motivation for fabricating actively tunable microresonators,

the tuning efficiencies and bandwidths of GaN racetracks are examined in detail.

Following these chapters which focus on the development of the GaN platform itself,
chapter 4 presents the topic of hybrid integration, highlighting the benefits of assembling
a chip to use the complementary properties of multiple materials, and giving some
examples from literature. The fabrication and assembly of diamond microdisk resonators
is presented, alongside the optical characterisation of a novel hybrid diamond-on-GaN

chip.

Finally, chapter 5 details a potential application for the hybrid, wide-bandgap, diamond-
on-GaN device, in photonic thermometry. A brief overview of the history of electrical
resistance thermometry is made, culminating in recent attempts to advance the tech-
nology with photonic measurements of temperature. The theory of a dual-material
photonic thermometer is presented, and a resulting fivefold reduction in temperature
measurement error of the hybrid device in comparison with similar silicon based devices

is shown.
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Chapter 2

Passive GalN devices

Having explained the motivation behind using GaN as a material platform for PICs
in general, this chapter details the specific design, fabrication, and characterisation of
key passive GaN devices. Waveguides, racetrack resonators and disk resonators (both
evanescently coupled to adjacent waveguides) are fabricated on a single chip, and like
many first fabrication runs, various aspects of the geometry of these devices is varied.
The values chosen for the parameterisation of, for example, the coupling length between
a bus waveguide and an adjacent resonator, are drawn from a parameter space guided
by numerical simulations. These simulations are also detailed in the following sections.
The fabrication steps are then highlighted before detailed analyses of the transmission
spectra are presented. Intrinsic Q factors and distributed loss values measured here are

comparable to current state of the art values [1-3].

2.1 Introduction

Despite GaN’s promising properties, to date there have been comparatively few examples
of GaN PICs or the components thereof (e.g. waveguides, resonators). This seems
largely due to the fact that research into the fabrication of these devices has been
occurring concurrently with more fundamental research into the growth of the necessary
high quality material. Even with the two-step heteroepitaxy process outlined in the
previous chapter, the large area growth of thin, single-mode thickness GaN remains
challenging [4, 5], and wafers often need to be polished back. Although polishing tends
to reduce the surface roughness, it can also scratch the GaN because the material is so
hard. Furthermore, polishing usually imparts thickness variations across the template.
Scratches may reduce device yield, while uncontrolled thickness variations will alter the

effective index of guided modes from their desired values.

40
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FIGURE 2.1: Previous GaN work. (a) Optical micrograph of an AWG based on GaN
ridge waveguides on AlGaN on sapphire [6]. (b) SEM of a GaN on sapphire grating
coupler [7]. (¢) SEM of a suspended GaN waveguide and PhC lattice [8]. (d) Optical
micrograph of a portion of a GaN on sapphire directional coupler [9]. (e¢) SEM of the
coupling region of a GaN on sapphire ring resonator [1]. (f) Optical micrograph of a
GaN add-drop ring resonator used for SHG [10].

Figure 2.1(a) shows an early effort in GaN integrated optics microfabrication — a series
of closely spaced ridge waveguides (of dimension 3 x 3 um) forming an arrayed waveguide
grating (AWG): essentially the integrated optics equivalent of a diffraction grating, used
in (de)multiplexing [6]. Figure 2.1(b) shows an SEM of a GaN grating coupler, used
for vertically coupling light into waveguides (1 x 0.65 pum) [7]. Figure 2.1(c) shows a
suspended GaN photonic crystal (PhC) waveguide, with air holes underetched in the
silicon substrate [8]. Figure 2.1(d) shows a portion of a GaN directional coupler used
to measure the quantum interference of two single photons [9]. Figure 2.1(e) shows
the coupling section of a high Q GaN ring resonator (Qi,; = 1.37 x 10° at 1556 nm),
of dimensions 1.25 x 0.7 pm [1]. Finally, Figure 2.1(f) shows a doubly resonant GaN
add-drop ring resonator used to convert 1550 nm pump light to its second harmonic at
775 nm [10].

GaN on sapphire is a desirable layer structure for integrated optics because of the high
refractive index contrast between the GaN and sapphire (~0.62 at 635 nm, ~0.57 at

1.5 pm). High index contrasts lead to tight mode confinement in the waveguiding layer,
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which in turn allows for smaller bend radii and thus more devices in a smaller area on
chip. Furthermore, nonlinear applications benefit from the field intensity enhancement
which stems from the strong confinement of optical radiation in the waveguide. This
permits lower optical pump powers and reduces the required interaction length for such
nonlinear effects [11]. Record loss values at IR wavelengths for rib (partially etched) and
ridge (fully etched) waveguides are 1 dB/cm and 2.4 dB/cm, respectively [2, 3]. The
low losses in the first case can be attributed firstly to partially etched waveguides being
intrinsically less lossy, and secondly to the large cross-sectional dimensions of the guide:
10 x 1.5 um. This means the guided mode tends to have only a small overlap with the
sidewalls, and therefore any roughness induced losses. Similarly, low losses for the fully
etched ridge waveguide (1.2 x 1.5 um) are attributed to low sidewall roughness achieved

by an optimised dry etch process.

Silicon is another widely used substrate for the epitaxial growth of GaN. For applications
in integrated optics, the subsequent underetching or removal of the silicon is required
(e.g. Figure 2.1(c)) because its large refractive index (~3.48 at 1.5 pm) precludes waveg-
uiding in the GaN. Furthermore, silicon absorbs light at wavelengths below 1 um. After
the removal of the silicon, the resulting suspended devices will be largely or completely
air-clad, giving them an even greater index contrast than sapphire. This improves mode
confinement, but also worsens scattering losses from sidewall roughness; which is pro-
portional to the index contrast squared [12]. Both photonic crystal cavities (PhCCs)
and evanescently coupled disks have been realised in this fashion, with demonstrations
of second harmonic generation in both [13-15]. Although the underside roughness of
the underetched GaN is reported to be on par with the top surface roughness - both
with an r.m.s. value < 1.5 nm over a 500x500 nm? area [8] - these devices exhibit high
propagation losses of 10-12 dB/mm, leading to PhCC Q factors of just 2200 in the NIR
[16]. Even the highest reported Q factor for a single resonance of a suspended PhCC
of 3.4 x 10* featured high propagation losses of 11 dB/mm [17]. The fabrication of
suspended structures comes with its own challenges. Firstly, since waveguiding in the
GaN can only occur in areas that have been underetched completely, device areas are
either limited in size or require numerous tether structures. These tethers add signifi-
cant scattering losses to the suspended waveguides, with values as high as 3.5 dB/tether

reported [17].

In this chapter, the simulation, fabrication, and characterisation of GaN on sapphire
devices will be demonstrated. The material used in the following consists of ~650 nm of
c-plane unintentionally doped HVPE GaN, grown on ~430 pm sapphire with a ~350 nm
buffer layer of crystalline AIN. It was grown by Kyma Technologies, who also polished
the GaN back to < 1 um from its growth thickness. Devices were left air-clad to facilitate

easy coupling to printed diamond components in later chapters.
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2.2  Optical simulations and chip design

2.2.1 Overview

There are a number of key parameters that need to be calculated before the first chip is
fabricated. The first of these is the desired waveguide width for single-mode operation
(the waveguide height is not considered a free parameter, and is instead set by the as-
received thickness of the GaN layer). The radiative bend loss must also be estimated,
so that this additional form of loss can be avoided by designing waveguide bends to
have radii sufficiently larger than the cut-off value. Finally, the power cross-coupling
between two adjacent waveguides must be calculated. This is usually important for the
design of directional couplers, where an arbitrary amount of optical power can be routed
from one waveguide to another (assuming they are identical [18]) simply by choosing an
appropriate coupling length for a given gap. While we neglect directional couplers here,
the dynamics of power coupling between waveguides is still important for the evanescent
coupling of light from a bus waveguide to a racetrack resonator, particularly when it
comes to benchmarking the power cross-coupling fractions extracted experimentally with

those suggested by simulations.

2.2.2 Simulation software

Commercial software (Ansys’ Lumerical MODE) was used for the simulations presented
here; both the primary finite difference eigenmode (FDE) solver and eigenmode ex-
pansion (EME) solvers. FDE is a full-vectorial Maxwell’s equations solver, based on a
method by Zhu and Brown [19]. The cross-sectional device geometry is decomposed into
a mesh which is used to construct a matrix formulation of Maxwell’s equations. Finding
the supported modes of the structure then involves solving the eigenvalue problem of
these matrices (whose eigenvalues are the modal propagation constants, 3). The spatial
mode profiles, loss, and effective indices (ners) can then be found. EME is effectively an
extension of the FDE solver to a third dimension in which the mode is propagating. Here,
the three-dimensional device structure is split into several cells, each a cross-section of
the device at that point along the length. The modes at each cell interface are calculated
as above, before scattering matrices are found by matching tangential electric E and
magnetic H field components at the cell interfaces. The scattering matrices are then

used to propagate an input field across the entire device.
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2.2.3 Waveguide geometry

FDE simulations of a GaN waveguide were carried out. The geometry is set up as in
Figure 2.2, with a 350 nm layer of AIN between the sapphire and GaN. All simulations
make use of frequency dependent refractive index data for the GaN [20], AIN [21], and
sapphire [22]; and unless otherwise stated, the simulation wavelength was 1.55 pm,
which is the centre wavelength of the majority of wavelength transmission sweeps taken

experimentally.

First, the width of the waveguide was swept for a fixed height of 1 pm (650 nm GaN,
350 nm AIN). As the width increases, more modes are accommodated in the waveguide.
Their effective refractive indices are plotted in Figure 2.2(a), where solid lines represent
TE modes, dashed lines represent TM, and only the fundamental TE/TM modes have
been labelled for clarity. Although the waveguide height can be reduced by dry-etching,
this would be an undesirable additional fabrication step. There is far greater control
over the width parameter (as long as the chosen value is sufficiently greater than the
resolution of the lithography method used), and so Figure 2.2(a) was used to determine
the desired waveguide width. A target width of 1 um is found to easily support a single
TE and TM mode. Although strictly speaking other modes are present, they are found
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FIGURE 2.2: (a) Mode effective indices for TE (solid lines) and TM (dashed lines)
polarisations for increasing waveguide width and fixed GaN height of 650 nm. The
green bar indicates the target waveguide width. (b) The same, but for increasing
waveguide height, with a starting point of 350 nm.
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to have sy close to that of the slab-mode, i.e. the solution that corresponds to guiding
in the substrate. The slab-mode effective index is found to be n.ry = 1.7437, and
modes whose n.rs approach this value suffer from increasingly poor confinement and
high substrate leakage losses (see Appendix A), such that they are effectively screened
out when the device is fabricated. A thickness sweep for the target width of 1 pm is
then performed, with results plotted in Figure 2.2(b). Small deviations from the nominal
total height of 1 pm do not introduce extra modes, but naturally, larger increases do.
For example, an increase of 500 nm in the height introduces a second set of TE and
TM modes with n.fr ~ 1.99. This is noteworthy because it is indeed possible for the
CMP process to impart such a thickness variation across the wafer, and even across the

relatively small area of the chip.

2.2.4 Mode profiles

The fundamental mode profiles for the two polarisations are shown in Figure 2.3. Their
effective indices are similar, but no scattering from one polarisation to another was
observed experimentally. Since the two modes are approximately phase-matched (by

virtue of having similar effective indices) this suggests that the waveguides instead lack
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FIGURE 2.3: Normalised electric field profiles for the (a) TMy and (b) TEy modes.
For each, vertical line profiles are taken through the centre point of the field intensity
profile, and are plotted in (c).
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a strong coupling mechanism to transfer power from one mode to the other [18]. The
usual mechanism for this coupling is scattering from sidewall roughness, and since this

was not observed, this suggests the GaN sidewalls were fairly smooth.

Although similar in their effective indices, the differing polarisations give the modes
quite distinct spatial profiles. The TMy mode, which has a dominant F) electric field
component and zero E, component, is characterised by strong discontinuities in the ver-
tical direction. Conversely, the TEq mode has dominant £, and zero £, components,
and is characterised by discontinuities in the horizontal direction. Such discontinuities
are typical for TM and TE modes respectively, and are a consequence of the require-
ment that the normal component of the electric displacement D = FE be continuous
at dielectric interfaces [23]. A comparison of the two vertical profiles is shown in Fig-
ure 2.3(c), and because E, = 0 for TEy, there are no discontinuities in this direction,
with the result that there is less modal power in the AIN buffer layer for this polar-
isation. The mode confinements can be quantified by calculating what percentage of
the integrated intensities in Figures 2.3(a,b) overlap with each material, with results
tabulated in Table 2.1.

TABLE 2.1: Table of optical power confinement factors for two fundamental polarisa-
tions.

Mode GaN  AIN  Sapphire
% % %
TMy 87.92 12.00 0.08
TEq, 9259 7.37 0.04

An improvement of nearly 5% is observed in the confinement to the GaN layer for the
TE mode. Also, much less of the power overlaps with the AIN buffer layer, where the
material quality is presumed to be worse, with defects and dislocations adding more

scattering loss.

2.2.5 Bend loss

Curved waveguides are inherently leaky [24, 25], meaning there is an unavoidable amount
of optical loss when using bent waveguides to redirect light around a PIC. The minimi-
sation of this loss is of key importance when designing PICs, and particularly when
fabricating high Q ring or disk resonators. Marcatili showed the fundamental mecha-
nism for this loss to be coupling or tunnelling to outwardly propagating radiation modes
[26], and analytical solutions for the case of asymmetric slab waveguides have since been
developed [27-29]. The common method is to solve Maxwell’s equations under a con-
formal transformation that maps a curved waveguide with curved boundary conditions

in one coordinate system to a straight waveguide with straight boundaries in another
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coordinate system [28]. Doing so requires the replacement of the step index profile that
defines the waveguide structure with a graded index profile that captures the radial
dependence of the effective index and propagation constant of the mode. This is the

method used by Lumerical’s numerical FDE solver.

Figure 2.4(a-c) demonstrates the the effect on the TMy mode profile after an example

bend with radius of 8 um is introduced. Comparing the modes and their line profiles in
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FIGURE 2.4: (a) TMy mode in a straight waveguide section. (b) TMy mode in a curved
waveguide section, with bend radius of 8 um. (c) The same curved TMy mode, but
on a logarithmic scale, showing the radiative loss of modal power from the guide. (d)
Comparison of horizontal line profiles taken across the maxima of each mode, clearly
showing a rightward shift for the bent waveguide.
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FIGURE 2.5: Radiative bend loss as a function of bend radius, for wavelengths 1.51 pm
and 1.64 pm and both polarisations.

Figure 2.4(d), the bend pushes the mode outwards - such that scattering losses against

sidewall roughness may increase, and coupling to radiation modes is made easier.

The radiation loss can be quantified if perfectly matched layers are used as boundary
conditions for the simulation window. Light that escapes the waveguide can then be
absorbed at the edges of the simulation span, and for a bent waveguide lacking any
other loss mechanism, this loss is equal to the radiative bend loss. With this method,
the bend radius is varied and loss is measured for each polarisation, with results plotted
in Figure 2.5. The simulation is carried out for a wavelengths of 1.51 um and 1.64 pum,

since these values cover the entire measurement bandwidth of the devices.

As expected, the TEg mode is more lossy for a given radius than the TMgy mode. Crit-
ical bend radii of 10 - 13 um are observed, below which bend losses rapidly increase.
Therefore, a standard value of 30 wm is chosen for all waveguide bends - offering a good
balance between saving space on chip, and being far away from the cut-off radius, in a

region where bend loss is a negligible addition to the waveguide propagation loss.

2.2.6 Power cross-coupling

The final set of simulations involves calculating the power coupled between adjacent
GaN waveguides. The exchange of power between waveguides is formally known as
directional coupling, and can be examined either by means of coupled-mode theory, or
equivalently, by considering the propagation of the supermodes of the dual-waveguide
system [18]. FDE simulations of identical GaN waveguides, separated by a 300 nm gap,
show four guided modes. This gap is chosen as it is a reasonable value that can be

repeated during the lithography step of the fabrication.
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FIGURE 2.6: Real parts of the dominant electric field components for the TE (a,b) and
TM (c,d) supermodes, showing symmetric and anti-symmetric behaviour.

If the non-zero Re(E,,) component is plotted for TE and TM polarisations, as in Fig-
ure 2.6, a set of symmetric and anti-symmetric solutions is revealed for each polarisation.
These four supermodes make up a basis set of eigenmodes, and the supermode profile
at any point along the propagation length is simply a linear combination of these modes
[18]. Consider just one polarisation, and note that due to confinement considerations,
the symmetric mode always has a greater effective index (and thus greater propagation
constant) than the anti-symmetric mode. Thus, as light travels down the waveguides,
oscillating in time with angular frequency w, the admixture of the two modes leads to
a beating of power back and forth between the guides. Complete power transfer occurs
in one beat length. For identical guides, the amount of power in waveguide 2, P,, after

injecting power P; into waveguide 1, is simply given by [18]:

Py(2) = Py sin? (“f”) , (2.1)

where An is the difference between the symmetric and anti-symmetric effective indices.
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FI1GURE 2.7: Plan views of the EME field intensity taken through a horizontal midpoint
cross-section of adjacent GaN waveguides, separation 300 nm, for (a) TE and (b) TM
polarisations. (c) Power in each waveguide as a function of propagation distance z,
after injecting 1 unit of power into waveguide 1 at point z = 0, calculated both from
the EME solver and FDE solver using equation 2.1.

The calculated values from equation 2.1 are plotted alongside values extracted from
EME coupling simulations in Figure 2.7. Also shown are plan views of the cross-sectional
intensity profiles in the coupled guides. Power transfer per unit of coupling length is
greater for the TM mode, largely due to the greater index difference An for this set
of modes than for the TE modes. Indeed, the calculated power coupling values, which
rely on this An, are in close agreement with the EME simulation values, shown in

Figure 2.7(c).

2.2.7 Design finalisation

For the first round of fabrication, we are primarily interested in benchmarking waveguide
loss, power cross-coupling, and high Q devices. To that end, the final chip design,
shown in Figure 2.8, is broken into sections containing devices with varying parameters.
There are cutbacks, where the only parameter changing is the total length; meaning

the total insertion loss is nominally a function of propagation loss only. Unfortunately,
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these devices were destroyed during the cleaving process. A range of point coupled disk
resonators, where both the radius of the disk and the coupling gap are varied, are also
included. Since disks have only one etched sidewall (as opposed to a ring or racetrack’s

‘inside’ and ‘outside’ sidewalls), they are potentially high Q.

There are racetracks with varying coupling lengths L. and constant coupling gaps, allow-
ing us to measure the power cross-coupling by fitting their resonances. The dimensions
are summarised in Figure 2.9, and the coupling length is varied simply by increasing the
horizontal offset of the racetrack with respect to the bus waveguide. The power coupled
to the resonator is made a function of coupling length instead of coupling gap because,

as shown above, the coupling is a sin? function of length. By contrast, coupling is an
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FIGURE 2.8: GDS mask file for the GaN PIC, with details of three sections

Length (um)
w |1
R |30
G |03
L, Ly | 65
Loftset | 0,5, ., 35
Lc | 65,60,..,30
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FIGURE 2.9: Summary of the racetrack resonator dimensions.
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exponential function of gap, relying as it does on the overlap of exponentially decay-
ing evanescent fields. When fabrication tolerances are also taken into consideration, it
is generally easier to avoid parameterisations of the coupling gap where possible. The
coupling length is varied from 30 wm to 65 wm, offering approximately 2% - 10% power
cross-coupling for the TE mode (Figure 2.7(c)). Recall that resonators of moderate to
high Q factors have single-pass amplitude transmission values, a, approaching 1. Thus
only a small fraction of cross-coupled power, k, is required to satisfy the condition for

critical coupling, i.e. that the loss in the ring equals the coupled power: 1 — a? = k.

Finally, 2° half angle inverse tapers are used to expand the waveguide to a width of
2 um at the edges of the pattern, easing mode matching with the lensed fibre used to
butt-couple light into the waveguides.

2.3 Device fabrication and characterisation

2.3.1 Fabrication

The device fabrication is outlined in Figure 2.10. The surface roughness of the GaN was
first measured by atomic force microscopy (AFM), and over an area of 2.5 x 3 pm? an
RMS roughness value of 0.41 + 0.06 nm was obtained. Hydrogen silsesquioxane (HSQ)

resist was then spun on the GaN, before being patterned with electron-beam lithography.

GaN ®ALO; ®HSQ

FIGURE 2.10: Passive device fabrication. (a) The GaN roughness is first measured
with AFM. (b) HSQ resist is spun and patterned with electron-beam lithography. (c)
The GaN is dry etched in an inductively coupled plasma reactive ion etcher (ICP-RIE),
with Ar/Cly chemistry. Residual HSQ is removed in a short buffered oxide wet etch,
before the ends of the chip are cleaved to allow fibre butt-coupling to the waveguides.
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FIGURE 2.11: Surface profilometer measurements on the (a) left and (b) right offcuts
of the chip after cleaving. The total scan length is ~7.4 mm.
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FIGURE 2.12: (a) Angled SEM image of waveguide facet, showing the expected thick-
ness values for the GaN (~650 nm) and total step heigh (~1 pm). Optical micrographs
of (b) a racetrack resonator after the ICP step, (c) detail of the coupling section of a
racetrack after the BOE step, and (d) a GaN disk.

Upon electron-beam exposure and development, cross-linked HSQ forms an SiOs-like
hard mask. Transfer of the mask pattern to the GaN was achieved with an Ar/Cly
etch down to the sapphire in an ICP-RIE, in a recipe with the following conditions: Ar
10 scem, Cly 30 sccm, coil power 400 W, platen power 200 W, and pressure 20 mTorr.
Residual HSQ was removed in a short buffered oxide solution wet etch. A thick layer of
photoresist was then spun on the chip to protect the devices during the final cleaving
step. A diamond-tipped scribe was used to score the underside of the sapphire, easing
mechanical cleaving of the end portions of the chip and allowing for fibre-coupling to the

exposed waveguide facets. The protective resist was then removed with a solvent clean.

Surface profilometer measurements (Figure 2.11) on the chip offcuts after the cleave show
slight waveguide height variations across the chip, where the full scan length between

device numbers 1 and 86 was 7.4 mm. Mean thickness values for the left and right
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F1GURE 2.13: Schematic of the optical set-up used to characterise the device. Inset:
Direct and false-colour images of single-mode output of waveguide. DUT: device under
test, PBS: polarisation beam splitter, PD: photodetector.
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offcuts are 1.003 wm and 1.014 pum, respectively, indicating good uniformity across the
chip, centred around the target thickness of 1 wm. An SEM image of a waveguide end
facet (Figure 2.12(a)) confirms this value, which based on the contrast difference in the
image, breaks down to ~650 nm of GaN and ~350 nm of AIN.

2.3.2 Characterisation

Transmission spectra are taken with the optical set-up shown in Figure 2.13. The fi-
bre output from a tuneable Agilent 81640A laser source is passed through an in-line
polarisation isolator, before coupling to a polarisation-maintaining lensed fibre. The
lensed fibre is used to focus the light down to a spot size (approximate radius: 1.5 pm)
that makes efficient mode matching with the waveguides possible - compensating for
the disparity between single-mode fibre core diameter and waveguide dimensions. Light
transmitted through the device is collected by a microscope objective, passed through
a polarisation beam splitter (PBS), and focused onto a detector and CCD camera via
a beam splitter. The injection fibre and PBS are both mounted in rotating holders,
providing a means to inject and collect either TE or TM polarised modes. Transmission
spectra are constructed by synchronously running a wavelength sweep on the laser and

a time trace of the detector voltage with an oscilloscope.

2.4 Racetrack transmission results

Figure 2.14 compares the normalised transmission spectra of two racetracks, considered
to be representative of the general performance trends for each polarisation. Each show

free spectral ranges of ~3.1 nm, and group indices of ~2.5. For TE injection, the
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FIGURE 2.14: (a) TE transmission, L, =45 pm. (b) TM transmission, L. =30 pm

characteristics of a resonance are fairly consistent across the measured range, with an
almost flat off-resonance throughput. Conversely, the TM injected racetracks suffer from
a low frequency modulation of the off-resonance transmission, as well as inconsistent

resonance line shapes.
A more detailed understanding is gained by fitting resonances with the following equation

[23] (derived in the previous chapter):

r? 4+ a® — 2racos(¢)
1+ (ra)? — 2racos(¢)’

T, = (2.2)
where r is the self-coupling coefficient, a is the single-pass field amplitude transmission,
and ¢ is the phase-accumulation in the resonator, given by ¢ = [SL where 3 is the
propagation constant and L is the cavity length. The highest loaded Q factor resonances
for each polarisation are shown in Figure 2.15, with values of 2.91x10% and and 1.18 x 10*
for the TE and TM modes respectively. Over two nominally identical resonators, and
37 measurable resonances, the mean loaded Q factor for TE injection was 2.6 x 10%.
For TM injection, there were only 13 resonances of three identical resonators for which
the off-resonant throughput signal did not irrevocably distort the fit; and over these 13
resonances a mean loaded Q factor of 1.19 x 10* was measured. The difference in peak

linewidth (and thus Q factor) is to be expected given the above simulations, which show
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FIGURE 2.15: Highest loaded Q resonances for each polarisation. (a) TE, at
1558.8437 nm, FWHM = 53.6 pm, Q = 2.91 x 10* (b) TM, at 1544.1192 nm,
FWHM = 130.8 pm, Q = 1.18 x 10*.

power cross-coupling for the TM mode is much greater. It follows that these devices
will likely be over-coupled, and the coupling loss contribution to the resonant linewidth

broadening will be greater, reducing the Q factor.

Recall, the fitting terms governing loss and coupling (a and r) enter equation 2.2 sym-
metrically, meaning they can be freely swapped without changing the resultant T,.
Therefore, in cases where devices are near to or at critical-coupling, that is where r = a,
care must be taken to disentangle the two and assign the correct physical meaning to
each. This can be done either by investigating how these parameters (particularly the
cross-coupling x = 1 — r2) vary with wavelength, or by an independent measurement
determining one or the other [30]. In the present case, the two will be functions of
coupling length, and trends in the peak FWHM and extinction values will reveal which

resonators are under-coupled (r > a), over-coupled (r < a), or critically-coupled (r = a).

2.4.1 Racetrack coupling

First, note in Figure 2.16(a) that as the coupling length decreases, the resonant line
width monotonically decreases - evident in the increase in @ factor. Further discussion
is limited to the case of TE injection, where in Figures 2.16(b,d), a clear turning point in
peak extinction values is observed. Starting from a coupling length of 60 wm, the devices
are clearly over-coupled - with resonance dips characterised by broad, shallow line shapes.
As the coupling decreases, the resonators approach critical coupling at around 45 pum,
where dips have the best extinction and an intermediate linewidth. A further decrease
in coupling leads to under-coupled resonances, which have the narrowest peaks and

shallow resonances. Mean power cross-coupling fractions are plotted in Figure 2.16(c).
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FIGURE 2.16: (a) Mean Q factors, showing a linear decrease with increasing coupling
length. (b) TE resonance dip extinction values, with a cross section of line shapes
around 1568 nm shown in (d), displaying maximum extinction for an intermediate value
of coupling length. (c) Extracted mean TE power cross-coupling values, alongside a
sin? fit and the simulated values.

We note that the simulation underestimates these values for larger coupling lengths,
which are nonetheless well modelled by fitting them with equation 2.1 with An as a free
parameter, found to equal 3.4 x 1073 - an increase from the previously simulated value
of 2.6 x 1073, This difference can be explained by fabrication differences across the chip,
and the potential for overexposure in the coupling region to leave behind GaN which
enhances the coupling between bus and racetrack - particularly for devices with longer
coupler lengths. For example, if the coupling gap is reduced by just 20 nm, from 300 nm

to 280 nm, simulations show An increases to 3.1 x 1073.

2.4.2 Racetrack loss

The distributed loss values for each polarisation are plotted in Figure 2.17(a), and in
Figure 2.17 (b) is the same, but expressed as a loss per round trip of the cavity. In
the derivation of equation 2.2, additional coupling losses are contained within the pa-
rameter a, and so the distributed loss values are necessarily higher than the equivalent
waveguide propagation loss. We would therefore expect the distributed loss to decrease

with decreasing coupling length since for shorter lengths the influence of the coupling
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FIGURE 2.17: (a) Distributed loss values extracted from the fits for each coupling
length and polarisation, with mean values plotted as crosses. (b) Loss per racetrack
round trip. (¢) TE intrinsic Q factors for each coupling length. Inset: resonance which
features the highest intrinsic QQ factor measured.

section should diminish. Instead, the observed increase suggests that any losses due to
the coupler are outweighed by other loss mechanisms — differences in the GaN material

quality, or lithography, across the chip perhaps.

The TM mode is lossier than the TE mode, which based on the confinement factors in
table 2.1, suggests that light scattering and absorption from defects and dislocations in
the buffer layer for the TM mode is a greater source of loss than any sidewall scattering
for the TE mode. Chen et al. showed that for low powers and wavelengths greater than
800 nm, free carrier absorption can add 1-3 dB/cm to the propagation loss [2]. This is
because IlI-nitrides grown on sapphire are intrinsically n-type doped, with GaN’s carrier
density (10'® - 10'7 ¢m~3) significantly larger than other materials (Silicon: 10'0 em ™3,
GaAs: 105 em ™3, InP: 107 em™3) [2]. Unfortunately, free carrier loss is proportional to
the carrier density, and inversely proportional to the carrier mobility - which is itself

decreased by the high density of dislocations that arise from the lattice mismatch between
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GaN (or AIN) and sapphire. However, the material used here was specifically grown to

be semi-insulating, which should ameliorate the amount of free carrier loss.

Indeed, for 17 measured TE resonances at L. = 60 pum, a mean value of 4.63 dB/cm is
measured, with a minimum value of 3.13 dB/cm, which despite being a distributed loss
with additional loss mechanisms, is close to the state of the art propagation losses for
GaN ridge waveguides of 2.4 dB/cm [2].

The intrinsic Q factor, Qins, is calculated with the following [31]:

2Q

Qint = ﬁv

(2.3)

where () is the loaded Q factor and 7' is the normalised on-resonance transmitted power.
For under-coupling (over-coupling) the summation (subtraction) is taken in the denom-
inator. Corresponding to the low distributed losses, we calculate a peak intrinsic Q
factor of 1.22 x 10° and a mean value of 8.4 x 10 over the same 17 resonances as above.
The peak intrinsic Q factor measured here is similar to the current highest literature
value for GaN (1.37 x 105 [1]), despite our devices being left air-clad and thus more
susceptible to sidewall scattering losses, while the devices in [1] are clad by atomic layer
deposition with AlyO3. The spread of intrinsic Q factors across the chip also serves to
highlight there may be a difference in the GaN material quality or mircrofabrication

process across the chip.

2.5 Microdisk transmission spectra

GaN microdisk resonators were also fabricated. Such devices are commonly used as in-
tegrated UV whispering gallery mode (WGM) lasers — though not strictly in the present
case of undoped material. They are often fabricated and characterised in isolation
[32, 33], or coupled to bus waveguides [15, 34]. Here, a range of disks were coupled
via point coupling sections to bus waveguides (as in Figure 2.12(d)), and transmission

spectra were taken as above. Two example spectra are shown in Figure 2.18.

For all disks and both polarisations, all resonances were relatively narrow and suffered
from poor extinctions, characteristic of under-coupling. Under-coupling is especially
likely because of the short interaction length between bus and disk in the point coupling
section. The TE spectrum shown in Figure 2.18(c) was the only spectrum for that po-
larisation for which resonances were visible, suggesting all others were so under-coupled
as to be essentially indistinguishable from background throughput intensity. This is also

why in the TE case only two families of modes are visible, while the TM spectrum shows
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coupling to three modes. To make the TE resonances clearer, Figure 2.19(d) replots the
TE spectrum after a fast Fourier transform was used to isolate and remove the low

frequency modulation of the spectrum.

A ring or racetrack — being nothing more than a waveguide wrapped back on itself — can
be designed to support a single family of well spaced resonances whose azimuthal mode
number decreases with wavelength, simply by making the waveguide single-mode. While
a microdisk of the same thickness may also support a single vertically confined mode,
the lack of an internal confining dielectric interface means several radial modes can exist.
For a detailed explanation of this, see Chapter 4. Looking for a self-repeating pattern of
resonances, it is possible to identify these mode families, which for convenience have been

labelled with coloured arrows in Figure 2.19(b,d). A single colour of arrow corresponds to
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FIGURE 2.18: (a) Example TM microdisk transmission spectrum, radius 20 pm, gap
200 nm. (b) Window of spectra highlighting three families of modes. (¢) TE transmis-
sion spectrum, of the same disk. (d) Fast Fourier filtered spectrum, making the two
families of modes more visible.
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one radial mode, while repetitions of that arrow with increasing wavelength correspond

to decreasing azimuthal mode number, m.

The square magnitude electric field distributions of two such TE polarised radial modes
are shown in Figure 2.19, with (a) being the fundamental, and (b) being the first order.
Since the central lobes (and power distribution) move inwards with increasing radial
mode number, we expect these modes to be coupled to by a smaller fraction than the
fundamental radial mode. We might then ascribe the red and green labelled resonances
in Figure 2.19(d) to the fundamental and first order radial modes respectively, since a
cursory inspection of the spectrum shows the green resonances are narrower and shal-
lower (i.e. more under-coupled). Indeed, the red resonances are 24.5% broader, and 19%
deeper than the green resonances on average. This is reflected in differences in their av-
erage power cross-couplings: 0.075% and 0.048% for the red and green labelled peaks

respectively, extracted from resonances fits on the unfiltered spectrum of Figure 2.18(c).

From the free spectral ranges of each mode family, the group index can also be calculated.
In the TM case, the red, green, and blue arrows denote modes with group indices of 2.39,
2.32, and 2.35 respectively; while for TE, the red and green modes are 2.32 and 2.30
respectively. No value exceeds the group index recorded for the racetracks previously,
which given a decreasing effective index with wavelength, indicates the disks are slightly

less dispersive.

Across all disks, a peak TE Q factor of 4.38 x 10* was measured. Since the disks are in
general so under-coupled, their intrinsic Q factors are not much larger than their loaded
Q factors, with a peak Qs of 4.45 x 10* noted, corresponding to a low loss of 7.9 dB/cm

for the TE case. For the TM measurement on the same disk, the peak Q;,; is lower, at

F1cUre 2.19: FDTD simulations of the field distributions within the GaN microdisk.
A TE orientated source located inside the disk was used to excite the whispering gallery
modes, and field distribution snapshots taken 5000 fs after simulation start. (a) The
fundamental radial mode. (b) The first order radial mode.
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2.66 x 10%; with a loss of 13.8 dB/cm. This reflects the general racetrack performance
where the TM mode, which has a greater overlap with the AIN buffer layer exhibits

higher losses.

Finally, note how these spectra, and even the TM racetrack spectrum presented previ-
ously (Figure 2.14(b)), display an obvious low frequency modulation of the background
optical throughput. A possible explanation for this is wavelength dependent scattering
loss in the coupler sections. Such a loss would be more prominent for strongly coupled
resonators (as in the TM racetrack case), and certainly more prominent for disks with
nominally small coupling gaps like here — even in the TE case. To alleviate this issue,
the coupling gap could be increased. If this leads to resonances too under-coupled, this
can be combated by wrapping the bus waveguide around a portion of the disk — in the

commonly implemented pulley configuration [35].

2.6 Summary

In summary, this chapter presented the fabrication and characterisation of GaN res-
onator devices. The devices were designed in accordance to numerical simulations, also
detailed in the above. Transmission spectra reveal high Q racetrack resonators, with
intrinsic Q factors (122,000) and losses (3.13 dB/cm) at the current state of the art for
GaN on sapphire. GaN WGM disk resonators, which are often fabricated in isolation
for use as laser sources, were here fabricated with evanescently coupled bus waveguides.
To the best of our knowledge, their loaded Q factors exceed the state of the art — which
is of the order of 1 x 10 [36, 37]. High Q factors are desirable for WGM lasers, because
the increased build up of optical radiation in the cavity greatly reduces the effective
lasing threshold. However, it should be noted that our material, being non-intentionally
doped and consisting of a single GaN layer on AIN, lacks additional loss mechanisms
(scattering and absorption), which are present in those lasing GaN heterostructure disks

presented in literature.
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Chapter 3

Tunable GalN microresonators

In this chapter, electrically actuated tunable GaN racetrack resonators are presented.
Integrated micro-heaters are used to red-shift the resonance wavelength of the racetrack.
The fabrication and characterisation of these devices is detailed, with transmission and
bandwidth measurements presented. To the best of our knowledge, the work presented

here is the first example of a tunable GaN micro-resonator.

3.1 Introduction

In the previous chapter, passive GaN micro-resonators were presented. The periodic
wavelength filtering offered by these optical micro-cavities is set by the effective index and
path length of the circulating mode, with no way to tune the wavelength response post-
fabrication. For many applications this is a serious limitation to device functionality,
especially since the effective index (and to a lesser extent the path length) are sensitive to
a number of environmental conditions such as temperature, humidity, surface adsorption,
and device cladding variations. Furthermore, fabrication discrepancies can drastically
alter the wavelengths filtered by the micro-resonator. For example, the effective index
is acutely sensitive to the waveguide width, and for a model GaN micro-ring resonator
(radius 20 pm), simulations show that a decrease in width of just 10 nm is enough to
shift resonances by several line-widths (Figure 3.1 (a)). In an all-pass configuration, this
difference would mean wavelengths which should be strongly filtered (Figure 3.1 (b)) are
instead allowed to pass almost completely (Figure 3.1 (c)).
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FIGURE 3.1: (a) Model TM transmission spectra for two GaN ring resonators with
different waveguide widths, showing the drastic difference in filtered wavelengths for
a 10 nm width difference. (b) Example of a critically coupled resonance, where the
fabricated device matches perfectly the as-designed values and the resonant wavelength
is strongly filtered. (c) For a 10 nm width deviation, the same wavelength is allowed
to pass almost completely.

Actively tunable micro-resonators are thus required to bring the wavelength dependence
of a device into line with its as-designed value. Depending on the material platform
in question, resonance trimming may also be possible, whereby a permanent change is
induced post-fabrication (usually in the device cladding), which fixes the effective index
at the correct value. Examples for silicon photonics include the photo-oxidation of a

polymer cladding [1], or the introduction of stress in a buried oxide layer [2].

Besides correcting for fabrication inconsistencies or environmentally induced drifts, the
ability to actively control a resonator’s transmission and reflection characteristics opens
up important applications in signal modulation, switching, and routing. Tunable micro-
cavities (particularly those with small mode volumes) are also attractive for collecting
and enhancing the single-photon emissions of diamond’s colour centres, which can be
spectrally broad at room temperatures. Thus, tuning a resonator into spectral over-
lap with the zero-phonon line (ZPL) of a coupled emitter’s spectrum is necessary to
maximize the Purcell enhancement factor and increase the rate of generation of indis-
tinguishable ZPL photons over those emitted at longer wavelengths through the phonon
sidebands [3, 4]. However, the integration of diamond, which lacks a strong intrinsic
tuning mechanism, with another photonic platform which does not, is an ongoing topic
of research. In the next chapter, the hybridisation of diamond and GalN photonics will
be elucidated. In this chapter, the fabrication and testing of tunable GaN racetrack

resonators will be presented.

The figures of merit for a tunable micro-resonator are the tuning speed, range, and

efficiency, quoted as either the power needed to tune a resonance over one FSR (W/FSR)
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or the wavelength shift per unit of power (pm/mW). Several tuning mechanisms exist,
including thermal [5], electro-optic [6], carrier density manipulation [7], strain [8], and
microelectromechanical [9]. Of course, not all methods are applicable to all materials,
and so discussion will be limited to the two methods most applicable to GaN photonics:

thermal and electro-optic.

3.1.1 Electro-optic tuning

Linear electro-optic tuning only applies to non-centrosymmetric materials. This in-
cludes the semiconductors GaN, GaAs, CdTe, and ZnTe; crystals like LiNbOj3, LiTaO3,
BaTiOg, and KDP [6, 10]; and some poled polymers containing specifically engineered
organic chromophore molecules [11]. As mentioned in Chapter 2, non-centrosymmetric
materials lack inversion symmetry, meaning it is possible to achieve strong and effec-
tively instantaneous material polarisation responses to incident DC or low-frequency
electric fields. The refractive index, which relates to the polarisation through the non-
linear susceptibility, x, can thus be tuned (in linear proportion) to an incident electric
field. This is also known as the Pockels effect, and is distinct from the Kerr effect, where
the refractive index change is proportional to the square of the electric field. Recall from
Chapter 1 that the Kerr effect is a x(® process, while the Pockels effect is x(2). Conse-
quently, the Kerr effect is weaker than the Pockels effect, but applies to all materials -

not just non-centrosymmetric ones.

Relying on the material’s polarisation response, electro-optic tuning is typically more
efficient [12, 13] and faster than thermal tuning, with modulation bandwidths of tens
of GHz [14, 15|, extending to hundreds of GHz for some poled polymers [16] or for
LiNbOg3 where index matching between optical and modulating RF fields is achieved
[17]. The strength of the electro-optic effect is governed by the direction of the incident
electric field relative to the crystallographic directions corresponding to the non-zero
elements of the electro-optic tensor. Different crystal structures will have different non-
zero elements, and this is an important consideration when designing integrated electro-

optic modulators.

3.1.2 Thermal tuning

For thermal tuning, a current is passed through resistive micro-heaters located in close
proximity to the waveguide. Joule heating raises the temperature, 7', of the waveg-
uide, changing its refractive index; which at constant pressure, changes according to the
material’s thermo-optic coefficient, dn/dT. The change in index alters the resonance

condition, and thus the wavelength of a resonance is shifted. Materials with positive
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thermo-optic coefficients display red-shifting of resonances. There are some materials
which possess negative thermo-optic coeflicients, and so experience blue-shifting of res-
onances in response to temperature increases [19-21]. In general, materials with low
melting points and high thermal expansion coeflicients tend to have negative thermo-
optic coefficients, whereas crystalline materials with high melting points and low thermal
expansion coefficients have positive thermo-optic coefficients [22]. Thus, with the excep-
tion of many polymer waveguides, for the materials widely used in integrated optics a
resonator’s response to temperature is dominated by a positive effective index shift, and
not by any increase in cavity length due to thermal expansion, resulting in the following

simple expression for the wavelength shift [23]:

dr _ dn X
dT ~ dTn,’

where ng4 is the group index, and Aq is the initial wavelength.

The thermo-optic coefficient is itself a function of both temperature and wavelength —
through the wavelength dependent refractive index, n. Fortunately, any second-order
polynomial behaviour only manifests itself at high temperatures, or at wavelengths op-
erating near the material’s band-gap. For example, evaluations of the refractive index
and thermo-optic coefficient of thin-film GaN on sapphire (GaN thickness: 5.18um) un-
dertaken by Watanabe et al. only showed a nonlinear increase in refractive index for

wavelengths below 500 nm, and elevated temperatures [18], as shown in Figure 3.2.
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FIGURE 3.2: Refractive index of thin-film GaN on sapphire, as a function of temper-
ature and for different wavelengths. The bottom three data sets show linear increases
with temperature. Credit: [18]
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Thermal tuning is simple to implement and unlike electro-optic tuning, works for all
materials and crystallographic orientations - as long as there is enough cladding to
isolate the mode from any optical loss due to the metal heating elements. Simulations
show that a conformal cladding thickness of 600 nm should result in losses less than
0.05 dB/cm for the GaN waveguides presented here. However, the most commonly used
cladding material, silicon dioxide, has a small thermal conductivity (just 1.38 W/m-K)
[24], which limits the achievable modulation rates of these devices. The amount of
heat actually reaching the waveguide is small, which has the benefit of limiting thermal
crosstalk between devices, but the drawback of lowering the efficiency [25]. In any case,
these problems can be mitigated by improved heater design, or by the local removal of
portions of the silica cladding, with efficiencies of 2.4 mW /FSR reported [26] for silicon

micro-rings.

While it is in principle possible to tune a GaN resonator with the electro-optic effect,
in the following we use thermal tuning. Thermal tuning is still a widely implemented
and important tuning mechanism, especially since at time of writing there have been no
demonstrations of an actively tunable GaN resonator. It should be noted however that

future work on an electro-optic GaN resonator would be an important advancement.

3.2 Device fabrication and characterisation

3.2.1 Fabrication

The GaN material used was a second wafer from Kyma Technologies, similar to that
used in the previous chapter. The device fabrication is outlined in Figure 3.3. Steps
(i) to (iii) are identical to those in the previous chapter, involving the fabrication of
passive racetrack structures with the use of electron-beam lithography in HSQ resist,
and ICP-RIE dry etching in Ar/Cly. The additional steps start with the cladding of
the device with spin-on glass (HSQ), and PECVD SiOs. The two layers are visible in
the SEM image in Figure 3.4 (b). This bi-layer is used as the HSQ first planarises the
sample surface, to help with subsequent deposition of metal contacts. Being a denser
layer, the PECVD prevents pin holes in the cladding, and removes the potential for

shorting between contacts.

Positive resist (PMMA) was then spun on the sample in preparation for patterning,
metal deposition and lift-off. Figure 3.3 (vi-vii) represents a simplification of this process,
which actually involves two metal deposition steps - one for the high resistance nickel
chrome (NiCr) alloy heating elements, and another for the low resistance gold (Au)

contact pads and tracks. NiCr is a common metal alloy used for resistive micro-heaters,
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FIGURE 3.3: Tunable GaN resonator proces flow. (i) GaN on sapphire. (ii) Electron-
beam lithography in HSQ resist. (iii) ICP-RIE etch in Ar/Cly chemistry. (iv) Cladding
with HSQ, and conformal PECVD silica. (v) Electron-beam lithography in positive
PMMA resist. (vi) Metal-deposition. (vii) Lift-off.

because its base resistivity (1.1 x 107 Qm) is an order of magnitude greater than other
heating metals [27]. Two micro-heaters are included in the design. One was situated
directly atop a portion of the racetrack resonator, used to tune its resonance condition.
The second was situated atop the coupling bus waveguide, with a 500 nm offset away
from the resonator, in a configuration similar to that found in Orlandi et al. [28]. The
purpose of this offset was to induce a temperature (and thus index) differential between
bus and resonator waveguides. By introducing a controllable phase mismatch between
the two modes of the evanescent coupler, the coupling coefficient, k, can be made tunable.
Unfortunately, these devices showed no tuning of the coupling, and instead only showed
parasitic tuning of the resonance condition. Clearly, optimisation of these heaters is
needed (particularly their offset with respect to the underlying waveguide), to reproduce

the results found in Orlandi et al.

Unlike the passive chip in the previous chapter, this chip underwent an additional end-
facet polishing step because of the poor quality of the initial mechanical cleave. Recall,
consistent cleaving of GaN on sapphire is made difficult by a 30° rotation of the GaN
crystal planes with respect to the same directions in the sapphire. This rotation acts to
reduce the lattice constant mismatch from 30% to 15% [29]. Proper nitridation, graded
AlGaN, or AIN buffer layers can also help reduce this mismatch, but even with these
mitigations, the cleavage planes of the GaN and sapphire are misaligned [29]. While the
cleaving dynamics are largely governed by the sapphire because it is so much thicker
than the thin film GaN, the GaN facet orientation and quality can still suffer because of

this misalignment. This chip in particular had prohibitively high insertion losses after
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NiCr micro-heaters

FIGURE 3.4: (a) Optical micrograph of a tunable GaN resonator. (b) SEM of a waveg-
uide facet post-polishing, showing 890 nm of GaN with good sidewall verticality on
348 nm of AIN buffer layer. Dark streaks either side of the GaN are due to cracking in
the HSQ after the PECVD deposition, which is performed at elevated temperatures.

the cleave, and so a polishing step was undertaken to improve optical coupling to the
chip. After the polishing step, burnt portions of protective photoresist remained on some
portions of the edge of the chip, but despite this an overall improvement in the coupling

was observed.

Figure 3.4 (a) shows an optical micrograph of an example device, with the heating el-
ements labelled, and Figure 3.4 (b) is an SEM of a successful GaN facet cleave, with
waveguide dimensions labelled and a clear separation between the spin-on HSQ and
PECVD deposited silica cladding. For a summary of the device dimensions see Fig-
ure 3.5. Similar to the racetracks in the previous chapter, resonators with a range of
lateral offsets relative to the bus waveguide are included. The range of effective coupling

lengths varies from 5 pm to 35 pm. These coupling lengths are shorter than those used

350 um

F1GURE 3.5: Relevant dimensions of a tunable racetrack device, with coupling section
cross-section shown.
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FIGURE 3.6: Diagram and microscope image of the optical and electronic characteri-
sation of the device. For simple tuning measurements, the 20 MHz function generator
is replaced with a simple power supply. For bandwidth measurements, the function
generator is used to supply a square wave input to the micro-heater.

for the previous chip, since that chip was unclad and this chip is clad with silica. The
cladding decreases the refractive index contrast between the GaN and its surroundings,
decreasing its confinement and increasing the power cross-coupling between bus and
racetrack. Thus, for the same coupling gap, to target critically coupled devices a shorter
range of coupling lengths is required. Despite this, the devices presented here are over-
coupled, unlike the previous unclad devices which showed a clear transition between

under and over-coupling for the range of coupling lengths targeted.

3.2.2 Characterisation

The device is optically characterised with the same end-fire fibre injection rig as that used
in the previous chapter. In addition, tungsten probes are used to contact the gold pads
to pass an electrical current through the micro-heaters, as shown in Figure 3.6. For basic
tuning measurements, the 20 MHz function generator shown in Figure 3.6 is replaced
with a simple power supply. The function generator is used in subsequent bandwidth
measurements to provide a square wave input to the micro-heater. An auxiliary output
is sent to the oscilloscope, which is used to record both the modulated optical throughput

from the photodetector, and the input modulating electrical signal.
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FIGURE 3.7: (a) Current and (b) power plots for increasing voltage applied to the
wavelength tuning micro-heater.

The heater resistance is simply found from Ohm’s law and a straight line fit of the drawn
current against the supplied voltage, shown in Figure 3.7 (a). From the slope, equal to
R~ a resistance of 5.97 kQ is calculated. The upper limit for the power dissipated in
the resistive micro-heater can then be calculated simply from Joule’s Law, and is plotted
in Figure 3.7 (b).

3.3 Tuning results

3.3.1 Wavelength tuning

The tuning of a racetrack transmission spectrum is shown in Figure 3.8, where the
voltage applied to the micro-heater was incremented in steps of 0.5 V up to a final value
of 16.5 V. The racetrack FSR is 3.99 nm, and the 16.5 V difference between first and
final spectrum gives a tuning range of 0.53 nm. Taking AX = 0.53 nm and equation 3.1,

the maximum temperature increase in the racetrack guide is estimated to be 13.9 K.

The resonance wavelengths are then extracted from peak fits using the same method
as the previous chapter, and are plotted against the power dissipated in the heater
(Figure 3.9). A clear linear trend with respect to heater power is observed, from which
tuning efficiencies of 11.66 pm/mW, or 342 mW /FSR, are calculated. Since the thermo-
optic coefficient of GaN (6 x 107° K1 [18]) is approximately three times smaller than
that of silicon (1.8 x 10~% K~ [30]), it is natural that the tuning efficiencies found here
are smaller than most silicon resonators. However, in a comparison which excludes those
state of the art devices with removed areas of cladding or substrate, our devices perform
broadly as expected, given the ratio of thermo-optic coefficients. Similar silicon devices
have tuning efficiencies in the range of ~100 mW/FSR [23, 31-34], which is a little
over three times better than the above value of 342.3 mW /FSR. Compared to other less

mature integrated optics platforms our device performs rather well, with recent efforts in
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lithium niobate achieving only 1.219 pm/mW (without cladding or substrate removal)

[35]; and similar aluminium nitride rings achieving only 2.879 pm/mW [36].

It is evident in the spectrum of Figure 3.8 that the tuners are not only changing the

resonance position, but are also reducing the extinction - implying an increase in loss or

cross-coupling, . Unwanted altering of the lineshape is common, with a notable example

being doped silicon rings tuned by carrier injection in a p-i-n junction, whose intrinsic
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FIcure 3.10: (a) Q factor and (b) power cross-coupling coefficients for increasing
micro-heater power. Calculated for the resonance at ~1588 nm.

zone is located in the waveguide core. The increase in carriers in the waveguide not only
tunes the resonant wavelengths by action of an effective index shift, but also increases the
absorption, and therefore loss, in the ring. In the present case, since there is no obvious
mechanism by which the optical loss can so strongly couple to temperature, especially
for the small temperature increases presented here, an increase in coupling is suspected.
Taking the resonance at ~1588 nm and plotting the loaded Q factors as a function of
heater power, there is a clear downward trend in Figure 3.10 (a), which matches well
an increase in coupling (of ~3%), plotted in Figure 3.10 (b). To completely decouple
tuning of wavelength and cross-coupling, future designs will need to better isolate the

evanescent coupling region from the temperature shifts due to the wavelength couplers.

3.3.2 Coupling tuning

Using Ohm’s Law and Joule’s Law as before, a coupling micro-heater resistance of
0.82 kQ is calculated, from which the power dissipation is calculated and plotted in
Figure 3.11. The lower resistance of this heater reflects its shorter length - approximately

0.16 times that of the wavelength tuning micro-heater.
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FIGURE 3.11: (a) Current and (b) power plots for increasing voltage applied to coupler

micro-heater.
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FIGURE 3.12: Spectra taken for increasing voltages applied to the coupler micro-heater.

The associated spectrum is included in Figure 3.12, where a maximum shift in resonance
wavelength of 74.9 pm is observed. If the centre wavelengths are plotted against the
power dissipated in the heater, as in Figure 3.13 (a), an effective (parasitic) wavelength

tuning efficiency can be calculated.

The operation of these tunable couplers requires that the resonator be over-coupled in
its initial state, so that the phase mismatch in the evanescent coupling section induced
by the thermal gradient across bus and racetrack waveguides reduces the coupling to-
wards critical-coupling [28]. While these resonators are definitely over-coupled, with
power cross-coupling fractions, x ~ 0.145, and distributed losses of ~ 3 — 5 dB/cm, no
downward trend in « is observed in Figure 3.13 (b), instead a ~ 1% increase is observed.
Furthermore, the parasitic wavelength tuning efficiency of 7.24 pm/mW is only moder-
ately smaller than the efficiency of the actual wavelength tuners. It seems likely that
any tuning of the coupling - which should have a minimal effect on the position of a
resonance - is instead being dominated by unwanted tuning of the wavelength. Further

optimisation of these couplers is needed, beginning with adjustments of the lateral offset
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FIGURE 3.13: (a) Wavelength tuning. (b) Power cross-coupling, « for increasing heater
power.
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of the heater with respect to the underlying bus waveguide. Finally, the relatively high
thermal conductivity of the underlying sapphire substrate in comparison to the silica
cladding (~ 20 times greater [37]) may also be exacerbating thermal crosstalk between

the wavelength and coupling tuners.
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FI1GURE 3.14: The peak used as the optical switch for bandwidth measurements.

3.4 Bandwidth measurements

The response times and full peak switching bandwidth were measured by first taking
a transmission spectrum as before. A resonance peak was chosen, in this case at a
wavelength around 1553 nm, and the laser parked on this value, at the centre of the
resonance. A constant laser output power of 1 mW was selected. A square wave input
generated by the 20 MHz function generator was then passed through the wavelength
tuners, with a 4 V voltage swing (Figure 3.14). For a 0.5 Hz square wave, the electrical
input and optical throughput signals are shown in Figure 3.15. Optical signals were
measured with a variable gain detector (Thorlabs PDA10CS-EC), operated at 50 dB

Voltage (a.u.)

Time (s)

FIGURE 3.15: (a) Trace of the 0.5 Hz square wave input to the wavelength tuning
micro-heater. (b) Trace of the modulated optical throughput incident on the detector.
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FIGURE 3.16: Resonator thermal switching response time, with an inset detailing the
fall time, which is 34 times shorter than the rise time.

gain, corresponding to a detector bandwidth of 90 kHz. The otherwise steady optical
throughput is modulated at the same frequency as the electrical input by the action of

the micro-heaters changing the resonance wavelength of the racetrack.

From this, the resonator response time can first be calculated. Figure 3.16 focuses on
one portion of the wave output of Figure 3.15. The response time is typically defined in
a similar fashion to the rise time in electronics: the time interval for the signal to change

from 10% to 90% of its maximum value.

A response time of 48.0 ms is extracted for the increase in heater power, and a much
shorter time of 1.4 ms is extracted for the decrease in heater power. Therefore ther-

mal energy in the resonator dissipates 34 times faster than it accumulates. A possible

1 1

1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

1 1 1 1 1 1

Time (ms)

FIGURE 3.17: (a) Trace of a 17 kHz square wave input to the micro-heaters. (b)
Corresponding optical throughput trace.
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FIGURE 3.18: Peak-to-peak amplitude, referenced against the initial low frequency
value.

explanation for such a drastic difference is the large thermal capacity of the silica top
cladding, and relatively high thermal conductivity of the sapphire substrate in compar-
ison to the silica cladding (~ 20 times greater [37]). In the previous tuning results, this
was postulated as a source of thermal crosstalk between the wavelength and coupling
tuners. Here, the thermal capacity of the cladding is increasing the time it takes to
bring the GaN waveguide to a steady state temperature, while the high conductivity
sapphire is dramatically decreasing the time it takes for that temperature to drop to its

base level.

Finally, to evaluate the full peak switching bandwidth of the device, square waves of
increasing frequency are passed through the micro-heaters. Limitations in the tuning
response time mean there is a certain frequency beyond which the device cannot ad-
equately recreate the electrical square wave input, and the modulated optical signals
begins to look more like a sawtooth function, as in Figure 3.17, which was taken for a
17 kHz square wave input. A useful metric for the maximum operational frequency of
the device is the 3 dB bandwidth, which in this instance refers to the point at which
the peak-to-peak extinction of the optical throughput drops to -3 dB of its initial (low
frequency) value. The peak-to-peak extinctions are noted for increasing heater switch-
ing frequencies, up to a maximum of 59 kHz, and are plotted in Figure 3.18, and a
3 dB bandwidth of 13.4 kHz is extracted, beyond which the typical sharp drop off in

performance is observed.

3.5 Summary

This chapter presented tunable GaN racetrack resonators, which at time of writing,
constitute the first effort towards a thermally tunable integrated micro-resonator in this

material. The principle behind, and applications of, such devices were highlighted. In
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particular, a tunable resonator in GaN could be beneficial for integration with dia-
mond colour centres, whose single photon emissions typically require resonant tuning.
A full characterisation of the tunable racetrack was performed, and tuning efficiencies of
11.66 pm/mW (342 mW /FSR) were calculated - values which reflect the lower thermo-
optic coeflicient of this material with respect to silicon photonics, but are improvements
over other recent efforts in other relatively novel integrated optics platforms. An attempt
was made to demonstrate tunable coupling from bus to racetrack waveguides, but the
high thermal conductivity of the sapphire substrate is limiting factor to the performance
of these tuners, because it reduces the thermal isolation in the GaN waveguide core. Fi-
nally, the response time and bandwidth of the racetrack modulator was calculated, with

rise and fall times of 48 ms and 1.4 ms respectively, and a 3 dB bandwidth of 13.4 kHz.

These values may be improved by decreasing the thickness of the silica cladding, whose
high thermal capacity increases the time it takes to heat the GaN. However, reducing the
cladding increases the optical losses coming from modal overlap with the metal heaters.
Alternatively, partially etched rib waveguides may be fabricated, so that the heaters
may be deposited directly on the GaN itself, either side of the waveguide.
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Chapter 4

Hybrid integration of diamond
with GalN PICs

In this chapter, the hybrid integration by micro-transfer printing of diamond micro-disk
resonators and platelets with the previously presented GaN PICs is demonstrated. The

integration of AlGaAs micro-disk resonators is also presented.

After providing a brief overview of hybrid photonic integration, the specific method
used in this work - micro-transfer printing with patterned elastomer stamps - will be
explained. An overview of diamond disk fabrication will then be presented. Following
this, optical characterisations of the printed devices will be presented, showing successful
coupling between the GaN and printed components, as well as high Q resonances in the
diamond disk.

4.1 Introduction

4.1.1 The case for hybrid integration

A PIC’s target application depends largely on the material characteristics of its waveg-
uide and cladding layers. Properties such as the band gap and transparency window
determine the operating wavelengths, while the propagation losses influence the overall
device performance, including maximum optical path length and resonator intrinsic Q
factors. The potential to incorporate optical gain provides the possibility for direct elec-
trical to optical converters, or on-chip optical pumps. There are also myriad nonlinear
processes that may be accessed only in those materials possessing second and third order

nonlinearities of appropriate magnitudes. Single photon generation may be achieved by

85
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use of one of these optical nonlinearities (such as x? spontaneous parametric down
conversion or x(?) spontaneous four-wave mixing [1]), or by using optically active single
photon emitting atomic defects [2] or quantum dots [3]. Other important factors are
the refractive index contrast between core and cladding, CMOS compatibility, ease of
fabrication, and the cost and availability of good quality material - preferably in large

wafers on a low index substrate.

It is clear therefore that with the range of properties laid out above, PICs can in princi-
ple be accorded a greater proportion of the technological burden which is usually shared
between off-chip components (fibre optics, sources, detectors), and on-chip integrated
photonics (waveguides, resonators, directional couplers). An increased emphasis on pho-
tonic integration will lead to reductions in device size, cost and power-consumption; and
improvements in efficiency and scalability. Perhaps the most important demonstration
of the benefits of increased photonic integration is the impact of the hybrid silicon in-
tegrated laser on the world’s large scale data centres. The incorporation of III-V gain
material on a silicon photonic multiplexing chip offers low loss, high bandwidth, direct
electrical-optical conversion for integrated optical transceivers, allowing data centres to

keep up with the rapid growth of internet traffic and data generation [4-6].

More generally, the central challenge facing increased photonic integration is the fact

that the full range of properties laid out above do not tend to exist in a single material,
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FIGURE 4.1: The hybrid integration of disparate elements, showing multiple pre-
fabricated components integrated onto a single PIC.
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meaning it is difficult or impossible to integrate the desired functionalities monolithi-
cally. Furthermore, a material may possess superlative properties in one area, but sig-
nificant deficiencies in others which preclude the realisation of high performance devices.
Overcoming these limitations is the central motivation for heterogeneous and hybrid in-
tegration - two similar approaches toward having multiple materials performing multiple

functions on one host PIC, as in Figure 4.1.

Hybrid integration completely decouples the otherwise incompatible fabrication steps of
donor and receiver chips. Here, the receiver is the chip (for example a passive photonic
circuit) onto which one or multiple donor elements/chiplets/dies are to be placed (for
example a micro-LED or microdisk resonator). In particular, with micro-transfer print-
ing, devices that would be impossible to fabricate monolithically can be assembled with
high accuracy [7], at scale [8], and in close proximity to other printed elements [9]. For
example, Figure 4.2(a) shows a section of an array of 64 pre-fabricated GaN micro-LEDs,
individually transfer printed onto a CMOS drive chip so that each pixel can be individ-
ually controlled [8]. Figure 4.2(b) shows the transfer printing of objects orders of mag-
nitude smaller: nanowire lasers, coupled to polymer waveguides [10]. Figures 4.2(c,d)
show waveguide coupled photodetectors fabricated in Ge and GaAs, printed onto Si and
SiN waveguides respectively [11, 12]. Finally, Figure 4.2(e) shows a GaAs photonic crys-
tal cavity, containing a strongly coupled InGaAs quantum dot, transfer printed onto a
silicon waveguide [13]. Where high alignment accuracy is required (e.g. when targeting
critical coupling between a printed resonator and host waveguide), nanoscale alignment
protocols exist [7]. In other cases, careful design of donor and receiver chips can allow

for alignment-free photonic interconnects between the two [14].

Until recently the terms ‘hybrid’ and ‘heterogeneous’ have been used interchangeably
in literature, but there is now an emerging consensus that ‘hybrid’ should be reserved
for integration schemes which do not require significant post processing [15]. This in-
cludes the integration of fully pre-fabricated LEDs, micro-disk resonators, nanowires,
etc. ‘Heterogeneous’ should then refer only to instances where full layers of foreign ma-
terial are bonded (not heteroepitaxially grown) on the host PIC/substrate, with further

fabrication steps required to realise functioning devices.

4.1.2 Diamond integration

Diamond is a perfect example of a material benefiting from hybrid integration. As has
been mentioned, many of its intrinsic properties are excellent. Its combination of low
phonon density of states and high isotopic purity, makes the diamond lattice especially

good at isolating colour centres and their associated electron spins from environmental
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FIGURE 4.2: (a) micro-LEDs transfer printed directly onto CMOS drive chip [8]. (b)
Nanowire lasers printed so as to emit into polymer waveguides [10]. (c) A transfer
printed germanium photodiode, coupled to a silicon waveguide [11]. (d) A transfer
printed GaAs p-i-n photodiode array on SiN waveguides [12]. (e) A transfer printed

quantum dot containing GaAs photonic crystal cavity, coupled to a silicon receiver
waveguide [13].

(thermal and paramagnetic) decoherence mechanisms. For diamond’s NV~ centre, this
leads to room temperature coherence times unmatched in the solid state [16], meaning
these colour centres are excellent resources in quantum information processing - par-
ticularly as an interface between long-lived stationary spin qubits and ‘flying’ photonic
qubits [17-20]. The incredible stiffness of the diamond lattice also gives it an exceptional
Raman gain coefficient, useful for integrated Raman lasers [21, 22]. Besides this, its low
absorption losses, low thermo-optic coefficient, wide-bandgap, and broad transparency

window allow it to operate at high pump powers and over a wide wavelength band, from
visible to IR.

However, the fabrication of a PIC designed to utilise these properties in the diamond
itself is made difficult by the small area (a few mm?) of available single crystal diamond
platelets - a result of fundamental limitations in diamond homoepitaxy, as outlined in
Chapter 1. Furthermore, these platelets are much too thick for single-mode operation
at either visible or IR wavelengths; and they are free-standing, meaning there is no low
index substrate giving mode confinement in the diamond. Also, diamond’s centrosym-
metric lattice gives it a vanishing x(® nonlinearity. Contrast this with GaN, which can
be heteroepitaxially grown on a low index substrate like sapphire, is available in large

area templates, and has respectable X2 and x(®) nonlinearities.

Several hybrid and heterogeneous integration methods exist for circumventing the diffi-
culties of diamond micro-fabrication. Notable examples include patterning GaP waveg-

uides out of sheets first bonded atop the diamond [23, 26, 27]. Here the optical mode is
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FicURE 4.3: GaP on diamond disk resonators, with NV centres contained in the
diamond pillars beneath the GaP disks [23]. Ultra-high Q-factor (1x10°) diamond rings
patterned on SiO substrates [24]. A suspended array of tapered diamond waveguides,

containing single photon source colour centres, pick-and-place integrated onto an AIN
PIC [25].

confined and guided in the high-index GaP waveguide layer, and the evanescent fields em-
anating into the diamond substrate are used to interact with the colour centres therein.
Alternatively, to achieve guiding in the diamond itself, it may first be bonded to an SiOq
substrate, before waveguides are etched into the diamond [21, 22, 24, 28]. Examples of
these heterogeneous integration schemes are shown in Figures 4.3 (a) and (b) respec-
tively, and while these works are extremely impressive, they both remain limited by the
small area of the available single crystal diamond platelets. Thus, true hybrid integra-
tion of pre-fabricated diamond dies/chiplets/resonators onto a separate PIC is likely the
best route towards large scale diamond photonic integration. One excellent effort in
this direction was carried out by Wan et al. [25], whereby diamond micro-chiplets were
pick-and-place integrated onto AIN PICs (Figure 4.3 (c)). The diamond chiplets were
first pre-screened for germanium vacancy and silicon vacancy colour centres, and after
integration into the AIN PIC, a 128 channel defect-free array of waveguide integrated
colour centres was created. The large-scale integration of coherent quantum emitters
into a PIC is an important milestone in quantum information processing, particularly

for multiplexed quantum repeaters [29, 30] and quantum processors [31].

Finally, hybrid donor devices are typically tens to hundreds of microns wide, and
< 10 wm thick. Their small size means the weak van der Waals forces are enough
to sufficiently bond them to the receiver without a specifically engineered bonding inter-

layer. Contrast this with the heterogeneous integration of large area sheets of material,
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FIGURE 4.4: (a) 3D Optical profile of a whole diamond platelet. (b) Line profile taken
across the diagonal, showing a 4.6 pm thickness increase over 2.632 mm. (c) AFM scan
of an as received diamond platelet, RMS roughness 1.49 nm, showing scarring from
the CMP step. (d) A line profile, perpendicular to the scar orientation, showing these
scratches are typically around 2 nm deep, and tens of nanometres wide.

which often require careful preparation of each surface to achieve a quality bond [32].

Continuing work carried out in our group [33, 34|, in the following we integrate free-
standing diamond micro-disk resonators onto a non-native PIC platform (in the present
case, GaN on sapphire), using high-accuracy micro-transfer printing with elastomeric
micro-stamps. To briefly reiterate the points made in Chapter 1, GaN is an excellent
host platform for diamond photonics not only because of the complementary properties
laid out above, but also because the two materials have similar refractive indices (which
are approximately equal around 630-640 nm). This greatly eases the optical coupling
from one to the other by reducing the index (and phase) mismatch between modes
in each material. Interfacial scattering losses, proportional to the sqaure of the index

difference, are also minimised [35].

4.2 Diamond disk fabrication

Following the method outlined in Hill et al. [34], commercially sourced single crystal
electronic-grade CVD diamond was used. These diamonds arrive laser-diced and chemo-
mechanically polished from their as-grown dimension to a 2 x 2 mm? platelet, with
thickness of the order of 10 - 30 um. Although the polishing step reduces the surface
r.m.s. roughness (to around of 1.5 nm), it also imparts a wedged thickness variation

across the platelet. These observations, common to all diamonds sourced by this method
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FIGURE 4.5: (a) Diamond disk fabrication steps: (i) After cleaning and initial charac-
terisation, the platelet is placed on a silicon carrier wafer. (ii) ICP etching in Ar/Cly
to thin platelet. (iii) Transfer to a second silicon carrier, pre-patterned with alignment
markers for electron-beam lithography in HSQ resist. (iv) An Ar/O etch down to the
silicon transfers the pattern to the diamond. (b) Optical micrograph of a corner section
of an as-received diamond, showing thin-film interference fringes due to the wedged
thickness variation of the diamond. (¢) Array of fully etched diamond disks, with a
portion of partially etched platelet remaining in the bottom corner. Arrow indicates
direction of increasing disk thickness.

[36], are shown in Figure 4.4, which details the initial characterisation of a typical
diamond as received. Of course, since the ultimate integration method is a pick-and-
place one, the wedge in the starting material is not a major issue, and in fact allows us

to select disks of certain thickness.

Having visually inspected the diamond quality and characterised its roughness and thick-
ness, the fabrication begins with a 20 minute clean in a piranha mixture of three parts
sulphuric acid (H2SO4) to one part hydrogen peroxide (H2O2). An exothermic reaction
which stabilises at 70° C in this ratio, this step thoroughly removes any organic con-
taminants from the diamond surface. The platelet is thick enough to be handled with
tweezers at this stage, but as the diamond is successively thinned, it must be indirectly
handled with IPA soaked cleanroom wipes. The diamond was then placed on a silicon
ICP carrier wafer for etching in Ar/Cly (Figure 4.5(a-1)). The etch parameters were as
follows: Ar 25 sccm, Cly 40 scem, platen power 100 W, coil power 400 W, pressure 5
mTorr. This chemistry has been shown to smooth the diamond, reducing its surface
RMS roughness from 0.53 nm to 0.19 nm after just 10 minutes of etch time [37]. Several
1 hour etches with this chemistry were carried out, and after each the diamond was

displaced from the resultant silicon plinth, and its reduced thickness characterised with
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white-light vertical scanning interferometry (as in Figure 4.4(a)). This process was re-
peated until a target thickness of a few microns was achieved at the thickest corner of the
diamond. The platelet was transferred to a new silicon carrier piece (Figure 4.5(a-iii))
using an IPA-on-wipe mediated process, and finally direct blowing with an N gun to
press the platelet onto the substrate, displacing the liquid between the substrate and
the bottom of the diamond. The silicon carrier was pre-patterned with electron-beam
alignment markers, so that HSQ could be spun on the entire sample, and disks patterned
atop the diamond. Transfer of the pattern to the diamond was achieved with an ICP
Ar/Ogq etch, which has previously shown good results for etching diamond with silica
hard-masks [38]. The conditions were: Ar 15 sccm, Og 40 scem, platen power 300 W, coil
power 800 W, pressure 5 mTorr. This etch has a positive selectivity between diamond
and hard-mask of approximately 6:1, with the diamond etching at 150 - 200 nm/min.
The high coil power also ensures vertical sidewalls of the disk. The final step, prior to
the transfer-printing process detailed below, is to remove the residual hard-mask with
a short CHF3 RIE etch, leaving an array of diamond disks whose thickness increases in

the direction of the original platelet wedge (Figure 4.5(c)).

4.3 Hybrid integration by micro-trasfer printing

4.3.1 Stamp preparation

Polydimethylsiloxane (PDMS) micro-stamps, patterned with deformable pyramidal fea-
tures, were used to transfer the diamond disks to the GaN PIC. The stamps are a mixture
of pre-polymer base with cross-linking curing agent (Sylgard 184). The ratio of base to
agent is an easy way to alter the adhesion properties of a stamp. In addition, changes
to the topology of the contacting surface can be targeted during the initial mould fab-
rication; with pyramidal features [39], rectangular extrusions [40], or basic flat surfaces

regularly used [7]. Each have different benefits for printing different donor coupons. To

FIGURE 4.6: Simplified process flow for stamp fabrication.
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reduce contact between disk and stamp and aid subsequent release, pyramidal features

were chosen.

The mould was itself fabricated with traditional photolithography, detailed in Trindade
et al. [41]. The process begins with PECVD SiOy deposition on a piece of Si(100)
silicon. Using positive photoresist and a standard photomask, square openings were
patterned and etched into the silica in an RIE step. A wet potassium hydroxide (KOH)
etch was then used to etch pyramidal features into the silicon through these openings
(Figure 4.6(i)), utilising KOH’s preferential etching of the Si<100> direction, leaving
behind practically unetched Si(111) planes. Indeed, in a 30% concentration of KOH at
80°C, the <111> direction is etched at 0.0063 times the speed of the <100> direction
[42]. A thin SiO layer can then be deposited to isolate the exposed rough silicon from
the mould. The central body of the stamp was then defined by spinning a thick layer of
SU-8 photoresist on the sample (> 100 um), and opening a large square hole, centred
over the four pyramids (Figure 4.6(ii)). The PDMS was poured into the mould, cured,
and then removed (Figure 4.6(iii-iv)).

Integrated
U microscope
m Stamp holder
X

Donor Receiver

Motorized stage

FIGURE 4.7: (a) The NLP 2000 tool used for transfer printing. (b) Detail of the
essential components of the tool.

4.3.2 Micro-transfer printing process

The micro-transfer print tool, shown in Figure 4.7(a), is a modified Nanolnk Dip Pen
Nanolithography system (NLP 2000) [43], where the “pen” has been replaced with a
stamp holder consisting of a frame mounted glass slide, onto which the stamp - having
been peeled from its mould - is fixed with a border of transparent wax . Since the
PDMS is also transparent, we can image the sample through the top of the stamp. The
essential components of the transfer-print tool are an integrated microscope column, high
accuracy computerized stage, and PC control (Figure 4.7(b)); and the general printing

process is shown in Figure 4.8(a). The assembly stage, on which the donor and receiver
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FIGURE 4.8: (a) Micro-transfer printing process: (i) Stamp compressed onto donor
disk. (ii) The stage is quickly lowered, releasing the disk. The stamp relaxes, the
pyramids decompress, and the stamp-disk contact area is reduced to the pyramid tip.
(iii) Alignment over receiver waveguide. (iv) Disk compressed on top of waveguide. (v)
Slow retraction of stage, printing the disk onto the waveguide. (b) Image taken during
the alignment stage, with the body of the stamp delineated by the dashed square and a
waveguide visible beneath. (c) Image taken after a disk is printed and stamp retracted.

chips are mounted side by side, features six axes of motion (z, y, 2, two tilt axes Ty, Ty,
and rotation about z), and it is the stage that moves while the stamp is fixed in place.
Linear translation is piezo driven, with an accuracy of +25 nm, while the goniometer

driven tilt axes have accuracies of 0.00025°.

Retrieval of a target disk is achieved by centring a pyramid over the disk, bringing
the stage up slowly, and compressing donor chip into the PDMS so that not only do
the pyramids deform, but the “roof” of the PDMS collapses into full contact with the
substrate. Then, a rapid release step plucks the diamond from the silicon donor, as
in Figure 4.8(a-ii). Free of compressive stress, the PDMS relaxes and the diamond is
left with a single PDMS contact area at the tip of the pyramid (Figure 4.8(b)). The
magnification and zoom of the microscope is sufficient for easy alignment to waveguides
of the order of 1 um wide such as these, though alignment protocols have been developed
if greater accuracy is needed [7]. Then, having brought the disk into contact with the
GaN, slow retraction of the stamp releases the diamond (Figure 4.8(a-v)), utilising the
principle of rate-dependent adhesion of viscous polymers like PDMS - leading to lower

energy release rates at smaller separation speeds [44—46].
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4.4 Results

4.4.1 Hybrid integration onto GaN PICs

Using the above method, hybrid devices shown in Figure 4.9 were assembled, including
diamond disks, diamond membranes, and AlGaAs disks. The diamond membranes
were fabricated in a similar fashion to the diamond disks. The AlGaAs disks, whose
fabrication is outlined in [47], were patterned in the same way as the disks, but dry-
etched in a SiCly/Ar/Ny chemistry. Their release was achieved with a selective HF etch
of the high aluminium content layer (Aly ;Gag 3As) separating the top Alg 2GaggAs layer
from the GaAs substrate. Because of its high second and third order nonlinearities, and
possibility to integrate optical gain, AlGaAs is another material of great interest for

hybrid integration [9, 47].

Figure 4.9(a) shows three diamond components integrated in close proximity on chip.
The disks were printed in series (cascaded) with the monolithic GaN on sapphire race-
tracks, while the membrane was printed on top of the racetrack. In Figure 4.9(b), three
(non-resonant) diamond disks of differing radii are shown, and Figure 4.4(c-e) shows di-
amond and AlGaAs disks printed on two nearby racetrack bus waveguides. The AlGaAs
disks were printed with one sitting on top of the waveguide for vertical coupling, and
one sitting to the side of the waveguide for edge coupling, showing the control possible
even with visual feature defined alignment. Of note in all of the above — and the AlGaAs
disks in particular — is the fact that each successive new component was printed onto an
area commensurate with the dimensions of the stamp head (100 pm), without disturbing

the already printed devices.

The GaN was left air-clad to ensure strong enough optical coupling to printed compo-
nents as to be seen in transmission measurements. This means disks printed in a vertical
coupling geometry, where the underlying waveguide effectively delineates the shortest
chord of the disk, are tilted. The SEM image (Figure 4.9(b)) and slowly varying in-
terference patterns visible in the vertically coupled disks (Figures 4.9(d,e)) — which are
notably absent in the edge-coupled AlGaAs disk which sits flat on the sapphire — are
evidence of this tilt. Without high resolution SEM imaging, it is difficult to fully assess
the contact area between diamond and receiver, although the interference pattern in
Figure 4.9(d) does seem to transition sharply to a flat area at the top, which would be
indicative of full contact with the sapphire. We can reassure ourselves with simple geo-
metric arguments that even in the worst case scenario (where the diamond is completely

free of deformation, contacting the substrate only in two points), its large diameter in
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FIGURE 4.9: (a) Optical micrograph of diamond disks and membrane on the air-clad
GaN PIC. (b) SEM image of an earlier printing effort of (non-resonant) disks on GaN
waveguides. (c) A diamond disk (bottom), and two AlGaAs disks (top), successively
printed in an a small area. (d) Close up of the vertically coupled diamond disk (di-
ameter: 25 um). (e) Close up of the AlGaAs disks, one vertically coupled (diameter:
20 um), one edge coupled (diameter: 10 um). All scale bars: 50 pm

comparison to the GaN’s height means it is nonetheless in close proximity with the re-
ceiver (Figure 4.10). We have the expressions: sin(f) = 1/c¢; and cos(f) = 1/c2, and

since ¢1 + co = 25, we have:

1 1
= ; = — 4.1
0 = arcsin (25 — 02) arccos (02) , (4.1)

which is solved for ¢o using the trigonometric identity:

sin(arccos(a)) = /1 — a?. (4.2)
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FIGURE 4.10: (a) Rigid diamond disk on a GaN waveguide, angled at 2.4299°. (b) The
same, but simplified and at an exaggerated angle to highlight the similar triangles to
the left of and above the GaN waveguide.

4.4.2 Disk WGM considerations

Most of the results that follow are for the device shown in Figure 4.9(d) — a diamond
disk, thickness: 1.8 wm, diameter: 25 wm, printed in series with a monolithic GaN
racetrack. The disk is printed so that the greatest modal overlap and strongest cross-
coupling will be to the lowest (radial) order modes, circulating around the inside edge
of the disk. Although these modes may suffer the greatest roughness induced scattering
losses, their radiation loss is much smaller. For curved open boundary devices the key
loss mechanism is tunnelling to outwardly propagating radiative modes, which is directly
related to bend loss [48].

To fully appreciate this, it is useful to first highlight the differences between a waveguide
based ring/racetrack resonator — in which light is confined by total internal internal
reflection between two dielectric interfaces, with a disk whispering gallery mode (WGM)
resonator — in which TIR occurs on one dielectric boundary only. The mode can be said
to be confined to an effective radial potential well (m /nr)? [48], plotted in Figure 4.11(a),
with n = ngs, for r < rgigr and n = nejadding for 7 > rg;isr. In place of an inner dielectric
boundary there is a caustic radius, and modes are only bounded in the region between
this caustic radius and the outer edge of the disk. Moving toward the centre of the
disk, the radial potential approaches infinity (and the phase velocity approaches zero).
The caustic radius is the point at which the azimuthal propagation constant exceeds
kongisk, leading to exponentially decaying evanescent field solutions. Tied to this is
an outer radiation boundary, beyond which the azimuthal propagation is smaller than
konciadding, leading to unbounded oscillatory field solutions, or radiation modes. The
nature of the mode solution in each region is labelled in Figure 4.11(a), including another

evanescent region between the disk edge and radiation boundary. This narrow region
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where the solution is evanescent separates the circularly propagating bounded modes

from the outwardly propagating radiation modes.

Figure 4.11(b-d) plots the field magnitudes, |E|?, for some TM modes of a model WGM
resonator. These were calculated from analytical solutions to the Helmholtz wave equa-
tion expressed in cylindrical coordinates [48], and neatly demonstrate the importance of
radiative loss for modes confined further inside the disk, such as high order radial modes.
For such modes, the radiation boundary is pulled towards the edge of the disk so that
tunnelling to radiation modes is made easier. Since the azimuthal phase velocity exceeds
the speed of light in vacuum beyond this point, the fields then spiral away. Conversely,
the maximum distance between disk edge and radiation boundary (and lowest radiation
loss) is achieved for the low radial order modes circulating around the disk edge, as in

Figure 4.11(b), and it is these modes that are targeted when the disk is printed.

Typically, the main loss mechanisms are WGM radiation loss, and scattering from surface

roughness. The former is fundamental and unavoidable, and in the absence of all other

(@)

Radial
potential
Evanescent
Evanescent
Radiative

r'disk Distance B

FIGURE 4.11: (a) Example radial potential of a WGM disk resonator. (b) |E|? for
a model WGM resonator (refractive index = 2.4, radius = 2.5 pm, A = 1600 nm) of
decreasing aziumuthal mode number. m = 20. (¢) m = 12. (d) m = 10. Solid lines
mark the boundary of the disk, dashed lines mark the circle defined by the caustic
radius, and dotted lines mark the radiation boundary.
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loss is directly related to the intrinsic Q factor of the resonator. The latter can be
minimised with optimised fabrication steps, or using devices with larger bend radii,
since these devices have better confinement to the disk. If the roughness is found to
be too high however, the disk can simply be printed so as to target higher order radial
modes, assuming the radiative loss is acceptable. Such control over the coupling, after
the disk and receiver are already fabricated, is another benefit of the transfer-print

micro-assembly method.
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FIGURE 4.12: Transmission spectra, taken before and after printing, for both polari-

sations.
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4.4.3 Transmission measurements

Transmission spectra were taken with the method outlined in previous chapters. They
were taken before and after printing the diamond disk, and for both polarisations (Fig-
ure 4.12). Before printing, the transmission spectra is that of a simple monolithic GaN
racetrack. After printing, there are now two cascaded resonators sharing one bus waveg-
uide (Figure 4.9(c), bottom), measurable in a single transmission sweep. Since the GaN
resonances are uniform and are not shifted by the printing process, they can be easily

distinguished from the diamond resonances.

Immediately evident in the transmission spectra is the fact that the diamond disk is
multimode, with different resonances having drastically different characteristics (Fig-
ure 4.12(e)). Deep and shallow resonances, with both sharp and broad linewidths, fea-
ture in the spectrum; as well as split resonances where clockwise and counter-clockwise
propagating modes are excited. FDE simulations for the cross-sectional field distri-
butions (Figure 4.13) show that the this geometry supports high order radial modes
(Figure 4.13(e,f)) as well as high order axial modes (Figure 4.13(c,d)). Each of these
will be coupled to by the GaN waveguide below with a different cross-coupling coef-
ficient, and each will have differing intrinsic losses based on radiative and scattering

contributions. Mode overlap integrals between these diamond modes and the TE/TM

..............

§P/ot span-
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FIGURE 4.13: (a-f) Electric field distributions (A = 1550 nm) for the first six cross-
sectional radial/axial modes of the diamond disk, labelled with their polarisation with
respect to the plane of the disk. The modes are also labelled with their respective power
coupling percentages from a GaN waveguide (not-pictured) beneath the disk edge.
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GaN modes of a waveguide situated in an idealised position beneath the disk edge can
be used to give a purely relative analysis of the coupling strengths. We find that the
first order axial mode of each polarisation — having a greater overlap with the disk bot-
tom — is coupled to by a far greater fraction than the fundamental modes. The TEO
mode, having poorer vertical confinement, has a greater coupling fraction than the TMO
mode. These coupling and loss differences are most likely the origin for the variations
of lineshapes in Figures 4.12(b) and 4.12(d).

The resonances are again fitted with the all-pass transmission function detailed in previ-
ous chapters, so that their losses, coupling coefficients, and Q factors can be extracted.
A selection of such fits is presented in Figure 4.14. Figure 4.14(a) shows the highest
loaded Q resonance, equal to 9.05 x 10%, which occurs for TE polarisation. The free pa-
rameters in the fit which determine the coupling regime are almost equal, differing only
by 0.0029. Thus, this resonance is almost critically coupled. Given its narrow linewidth
and the rapidity with which extinction drops off as coupling decreases (recall Chapter
1), we can conclude this resonance is on the under-coupled side of critical coupling. Its
distributed loss is then calculated to be 3.60 dB/cm, and its power cross-coupling coef-
ficient is just 0.06%. The characteristics of this resonance in comparison to the others
(e.g. Figure 4.14(b,c)) strongly suggests it is likely one of the higher order radial modes,
located further inside the disk and away from the bus waveguide underlying the disk

edge. Its intrinsic Q factor is calculated to be 9.9 x 10%,

Beyond this, it is difficult to look for definitive trends in the coupling across the spec-
tra because it can’t be said with certainty which spatial mode corresponds to which

resonance peak. If we instead examine the broadest resonance (Figure 4.14(c)), which
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FIGURE 4.14: (a) Highest loaded Q diamond resonance, at A = 1542.6089 nm,
FWHM = 17.0 pm, Q = 9.05 x 10*, TE polarisation. (b) Deepest TE resonance,
A = 1566.9018 nm, FWHM = 38.4 pm, Q = 4.08 x 10%. (c) Broadest TE resonance,
A = 1591.5548 nm, FWHM = 227.6309 pm, Q = 6.99 x 10°.
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by similar logic to the above we expect to be over-coupled, we find a loaded (intrinsic)
Q factor of 6.99 x 103 (6.90 x 10%). A loss of 5.726 dB/cm, and power cross-coupling
of 8% is also extracted. (If we treated this resonance as being under-coupled, the dis-
tributed loss would take an implausible value of 47.6 dB/cm, further evidence it is
over-coupled). Extending this analysis across all fitted diamond peaks, we find an av-
erage loss of 4.54 dB/cm; though bear in mind we expect the loss characteristics of the
separate modes in Figure 4.13 to be different, which this averaging will ignore. Power
cross-coupling fractions can be as low as 0.06% or as high as 8%, depending on which
mode is being coupled to. A peak Q;n¢ of 1.6 x 10° is recorded, with an average value

of 1.02 x 10° over the same set of peaks.

4.5 Conclusion

This chapter highlighted the growing importance of hybrid integration in the field of
planar lightwave circuits, and went on to detail why diamond in particular is a material
benefiting from hybridisation with other platforms. The fabrication, characterisation,
and integration of diamond with a novel GaN platform was presented, showing high Q
diamond resonances. Such devices have applications in the resonant Purcell enhance-
ment of colour centre single photon emitters, as well as integrated Raman lasers. In
the following chapter, the benefits of having two materials on one chip, probed in one

transmission sweep, for photonic thermometry will be elucidated.

It should be noted that after this characterisation effort, the same diamond was reprinted
onto the second (thermally tunable) GaN PIC, with results shown in Figure 4.15, with an
aim to electronically control the diamond’s resonance positions. However, due to an un-
optimised fabrication procedure, no coupling to the diamond was observed — largely be-
cause of the thickness of silica cladding separating the GaN from the diamond. Nonethe-
less, the prototyping of a diamond disk in different configurations, without having to go

through the full fabrication again, is a final benefit of the hybrid integration procedure.

FIGURE 4.15: Diamond disk printed onto thermal tuners.
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Chapter 5

High precision integrated
photonic thermometry utilising a
hybrid diamond on GaN chip

This final results chapter presents high precision, dual material, photonic thermometry,
enabled by the hybrid integration of a high Q diamond disk resonator with a monolithic
GaN on sapphire racetrack circuit. While the previous chapters detailed the fabrication
and characterisation of such a photonic platform, this chapter advances an application

of the hybrid device, with favourable results in comparison to similar silicon devices.

5.1 Introduction

Photonic thermometry utilises light-matter interactions (usually those causing changes
in the transmission characteristics) to measure temperature shifts. The process is similar
to the thermally tuned GaN racetracks presented previously, but instead of directly
controlling the resonance position with the temperature of a nearby heating element, we
allow environmental changes to shift the resonance position by an amount proportional

to the temperature change — thus allowing for photonic measurements of temperature.

A metrology application such as this can be viewed in the broader context of the increas-
ingly widespread implementation of PICs in several diverse sensing and measurement
fields, such as gas detection [1], bio-sensing [2], and optical coherence tomography (OCT)
[3]. In each, the often cited benefits when compared to their fibre-based or free-space
equivalents are firstly dramatic reductions in size because of the small form factor of

photonic devices. Utilising optical waveguides also increases mechanical stability when
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FiGURE 5.1: An example of high-level PIC implementation: a handheld multi-
functional skin imaging device, capable of both OCT and epiluminescence microscopy,
based on a 19.5 x 1.1 mm? SOI PIC. Adapted from [4].

compared to bulk optics which often require realignment, and the tight optical con-
finement they offer often leads to improved sensitivity. A highly illustrative example
of all of these benefits is shown in Figure 5.1, which demonstrates how an SOI PIC —
with appropriate control electronics and layers of integration and packaging — can form
the basis of a multi-functional, lightweight, point-of care skin imaging device, replacing

expensive and bulky OCT machines [4].

Besides compatibility with the operating wavelengths, the above example utilises silicon
because it is the most mature of all materials used for PICs. Many commercial silicon
foundries offer application-focused researchers a relatively inexpensive and direct route
towards realising their own PIC designs. However, depending on the application, silicon

may not always be the most appropriate choice of material.

5.1.1 The general case for chip-scale photonic thermometry

In 1821, Humphry Davy reported to the Royal Society his discovery that the conduc-
tivity of copper wire decreased in proportion to its temperature [5]. However, lacking
both copper of sufficient purity and even a universally accepted definition of electri-
cal resistance, much of the work on this subject was carried out many years later. It
wasn’t until 1863 that the Ohm (then “ohmad”) was first adopted as the unit of resis-
tance, following a report to the British Association from a committee comprising Lord
Kelvin, J.C. Maxwell, J.P. Joule, et al. [6]. Around the same time, wishing to probe the
temperature-dependent degradation of coils of undersea telegraph cables, C.W. Siemens
invented the platinum resistance thermometer (PRT) [7], and after some initial problems
with contamination and strain induced resistance shifts were solved by H.L. Callendar

[8], PRT usage became widespread.
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Ubiquitous and inexpensive, standard PRT's and similar resistance based methods have
remained largely unchanged since. Nowadays their temperature uncertainties are reg-
ularly as low as 50 mK. Recently however, there has been a great deal of work up-
dating this century-old technology with either photonic or optomechanical equivalents.
Although less costly, PRTs remain vulnerable to degradation, particularly in harsh en-
vironments where chemical contamination, thermal stress, mechanical shock, radiation
exposure, or humidity variations can occur !. Their robustness is further hampered by
their sensitivity to electromagnetic interference. All of these factors incur a resistance
drift over time which affects their measurement accuracy and which must be periodically
recalibrated for [10]. The recalibration procedure can itself be costly and time-consuming
if the PRT is mounted in an inaccessible location. A photonic thermometer by com-
parison provides a far more stable platform, largely immune to the above hindrances,
allowing for more sensitive measurements of temperature [11-15]. Additionally, their low
weight and small form factor allows for the multiplexing of several devices to enhance

sensitivity further.

For these reasons a photonic thermometer has immediate applications across a number
of industries [16], such as manufacturing [17], physiological monitoring [18], and envi-
ronmental engineering controls [19]; particularly in harsh environments [20, 21]. Besides
these, the stability, sensitivity, and micron length scales of these devices also opens up
applications in more fundamental physics [15, 22-24]. In particular, as part of the SI
units redefinition enacted in 2019, the Kelvin was redefined such that the Boltzmann
constant would be exactly 1.380649 x 10723 J/K [25]. However, self-calibrating primary
thermometers based on accurate determinations of Boltzmann’s constant need to op-
erate at cryogenic temperatures for sub-millikelvin resolution, with electrical contacts
attached to the sample [26, 27]. Conversely, photonic and optomechanical thermal sen-
sors operating at room temperature are more portable, and do not suffer the limitations
inherent with making direct electrical contact with the sample. Therefore in the near
term, such sensors could first be used as secondary thermometers (calibrated against
bulky lab-based primary thermometers), which can then be easily disseminated, main-
taining their calibration. There is also future potential for sufficiently precise photonic
devices to themselves be portable indirect primary thermometers, supplanting the need

for cryogenics and invasive electrical contacts entirely.

1A spectacular example of PRT failure once lead to the only example of an in-flight main engine
shut-down during a space shuttle flight in 1985. Repeated heating and cooling cycles rendered multiple
PRTs unreliable, and their defective readings were suggestive of critical overheating [9].
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5.1.2 Device operation

The temperature-dependant resonance wavelength of an ring/racetrack/disk resonator

is given by:
nes (L T)L(T)
A(T) = —HEE 200, (5.1)

where n.s is the modal effective index, L is the cavity length, and m is the integer mode
number — or number of wavelengths fitting into the resonator optical path length. The
effective index is a function of temperature and wavelength through the thermo-optic
coefficient and dispersion respectively. The cavity length is only temperature dependent
through the thermal-expansion of the cavity itself. A change in temperature, AT will
induce a wavelength shift, A\,,, according to [11]:
(Z5#) + ness (35) (3)
Ay = [ 2 2 AmAT. (5.2)

Ng

As mentioned in the discussion of thermo-optic resonance tuning in Chapter 3, the cavity
length is usually considered constant in these analyses, since for most reasonable temper-
ature shifts its effect on the resonance wavelength is much weaker than the thermo-optic
coefficient, Oneyry/0T. Setting OL/OT = 0, we recover the same expression as was used

previously in Chapter 4 to describe the temperature induced wavelength shift:

1 8neff
AN, = — mAT. .
(B, .

Thus, a temperature shift measurement amounts to the accurate determination of the
resonance wavelength shift. The above equation can also be used to determine the mate-
rial’s thermo-optic coefficient Oneyry/O0T, once the group index, ng, has been calculated.
The group index, which includes the waveguide’s dispersion, can be easily extracted

from the transmission spectrum FSR with:

)\2

T FSRx L’ (5-4)

Ng
or, in the case of multimode disk resonances where clear FSRs are difficult to extract,
it can be estimated through the usual resonance fits and the following [28]:

A= r0X oo prar (5.5)

ng=-———"—- ) .
9 nL(ra)l/?
where r and a have their usual meanings: power self-coupling and round trip loss fraction

respectively.



Chapter 5 - High precision integrated photonic thermometry utilising a hybrid diamond
on GaN chip 112

5.1.3 Material considerations

Much of the work on integrated photonic thermometry has utilised silicon microres-
onators — both microrings [11, 13, 14] and photonic crystal cavities [12]. Silicon’s rel-
atively large thermo-optic coefficient affords these devices large sensitivities — that is,
large wavelength shifts for a given temperature shift. However, this also exacerbates ab-
sorption based self-heating of the microresonator, which is already a serious impediment
to long-term accuracy and precision. There are two distinct absorption pathways for sil-
icon. These are: two-photon absorption, stemming from silicon’s narrow bandgap; and
surface state absorption, facilitated by intra-gap surface states. Both of these absorption

pathways have been shown to lead to self-heating [11, 29].

Naturally, it is undesirable for a temperature sensor to self-heat, especially if the relation-
ship between optical intensity and temperature is complex and nonlinear [30]. Ideally,
the resonance wavelength should be a function of the target environmental temperature
only, and not also of optical intensity. Absorption based self-heating thus reduces both
accuracy and precision in single-shot and continuous measurements of resonance wave-
length. Here accuracy is understood to mean the closeness of a measured value to the

true value, while precision refers to the closeness of measurements to each other.

5.1.4 Hybrid wide-bandgap photonic thermometry

It is beneficial to move towards wide-bandgap materials like diamond and GaN, whose
respective bandgaps of 5.4 eV and 3.4 eV are much greater than silicon’s 1.1 eV. These
alternative material platforms not only operate over broader transparency windows, but
their larger bandgaps lead to greatly reduced absorption based-self heating. Further-
more, since the refractive index of diamond and GaN is smaller than that of silicon,

single-mode devices tend to have larger mode volumes for a given wavelength. This

AAq

AAD

FIGURE 5.2: (a) Schematic of a compact, dual material photonic thermometer. (b)
Resulting thermal red-shifting of their cascaded resonances, where resonator 2 has the
greater thermo-optic coefficient, leading to Aly > A)y
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fact, in combination with their smaller thermo-optic response, helps to relieve thermal

bistability of resonant modes, which has been observed in some silicon devices [12, 31].

It has been shown in the previous chapter that with high-accuracy micro-transfer print-
ing it is possible to cascade diamond and GalN resonators on a single waveguide bus
channel, as in Figure 5.2 (a). Having two materials which can be probed effectively
simultaneously and are integrated in such a compact footprint provides further benefits
for high precision photonic thermometry. Their thermo-optic coefficients are of course
independent, leading to different red-shifts of their respective resonance wavelengths in
the cascaded transmission spectrum (Figure 5.2 (b)), each according to Equation 5.3.
The magnitude of their shifts will be linearly correlated, and any environmental changes
that lead to variations in either material’s wavelength response will be highlighted in
deviations from this linear correlation. This is an intrinsic benefit of using multiple ma-
terials in this way. Furthermore, the cascaded spectrum will feature several temperature-
dependent resonant lineshapes, and by tracking multiple shifts of multiple peaks across

the two materials, the uncertainty in determining AT can be reduced.

Pol
lsOlato

aser

FIGURE 5.3: (a) Schematic and baffle enclosure erected around sample stage of fibre
injection rig. (b) Hybrid diamond-GaN device.

5.2 Method

The hybrid device used in the following was fabricated and characterised in the previous
chapter. It consists of a monolithic GaN racetrack resonator, and a vertically coupled
transfer printed diamond disk resonator, in the configuration shown in Figure 5.3 (b).

The physical separation between the two resonators is just 88.25 pum.
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The optical set-up, shown in Figure 5.3 (a), is a slightly modified version of the set-up
used previously. In this instance, the device was bonded with thermally conductive paste
to a Peltier heating element. Once aligned to the waveguide facet, the lensed injection
fibre was mechanically locked in place and a baflle enclosure erected around the fibre
injection and sample stage apparatus. The baffle minimises airflow across the device
and cantilever oscillations of the fibre tip, preventing any modulation of throughput
intensity that might otherwise interfere with subsequent wavelength shift measurements.
Temperature was measured locally with a resistance thermometer, also bonded to the
sample stage. The Peltier, operated in positive bias, allows control of the device global
temperature to higher values than the environment (Peltier surface area: 3 cm?, GaN
chip area: 0.5 cm?, GaN/Dia microresonator effective area: 3.13 x 10~% cm?), while the

optical transmission was probed in the usual way.

5.3 Results

5.3.1 Resonance position determination

Previously, resonance wavelengths have been extracted through nonlinear least-squares
fits of peak lineshapes with the all-pass transmission function for a notch filter. This
equation is widely used because determination of its free parameters also determines the
resonator losses and coupling coefficients. Here however, the sole interest is accurate
determination of the resonance wavelength position. This is most easily evaluated by
fitting with the following simple modified Lorentzian, which is agnostic to coupling, loss,

and effective index:
IT?

()\ - )\res)2 + FZ

T\ =Ty — (5.6)
T'(A) is the normalised throughput transmission at wavelength A, Ty is the off-resonant
baseline intensity, I is the peak height, I' is the half-width at half-maximum, and finally,
Ares 18 the centre (resonance) wavelength. Since Equation 5.6 is directly a function of the
resonance wavelength, using it instead of the previous notch filter function simplifies the
procedure of extracting peak positions and their associated fitting errors. Furthermore,
where previously initial conditions for the coupling, loss, and effective index have been
required for the fitting procedure, here only initial conditions relating to the lineshape
itself are required. Since these can be estimated quickly and with little user input, the

process of systematically fitting several peaks is greatly simplified.

However, the extracted centre wavelength is also strongly influenced by the span of the

fitting window and any asymmetry in the off-resonance background transmission levels.
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FIGURE 5.4: (a) Lorentzian fitting and 95% confidence intervals of an example diamond
peak at 1593.22 nm. (b) Detail around peak minimum. (c¢) The same peak, but with
polynomial background correction. (d) Detail showing a much improved fit around
peak centre.

As an example, compare the two fits shown in Figure 5.4 and the marked improvement
in the region around the centre wavelength. In Figure 5.4 (c), the fit has been weighted
around the middle of the peak, and the off-resonant background is corrected with a
third-order polynomial. As a result, the squared norm of the residuals in the region
around the centre wavelength (Figures 5.4 (b,d)) is reduced by a factor of 11, and
the 95% confidence intervals are much tighter. Therefore, in order to systematically and
accurately measure the ‘true’ resonance positions for each peak in Figure 5.5, the order of
the polynomial background correction and span of the fitting window are parameterised

during the fitting procedure, so that the minimum residual case can be taken.

5.3.2 Simultaneous thermal tuning and thermo-optic coefficient mea-

surement

To begin, transmission spectra for increasing Peltier voltages were taken, with results
plotted in Figure 5.5. When the Peltier was off, the ambient temperature reading was
293 K. For all spectra, the laser wavelength was swept at 20 nm/s, meaning a full

spectrum takes 3 s to construct.

Two nearby peaks are shown in Figure 5.5 (b), with the left peak belonging to the
diamond resonator and the right belonging to the GaN. We can first use the fact that
only the single-mode GaN has regularly spaced peaks to disentangle them from the

diamond, as was shown in the previous chapter. Additionally, since the thermo-optic
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FIGURE 5.5: (a) Thermally tuned cascaded diamond-GaN transmission spectrum. (b)
Detail of nearby peaks.

response of diamond is much smaller than that of GaN, the magnitude of the wavelength
shift for a given temperature shift also makes it obvious which peaks belong to which

material.

It is possible at this point to directly calculate the thermo-optic coefficients of each
material by using Equation 5.3 and plotting the normalised wavelength shifts against
temperature set-point (Figure 5.6). For small temperature ranges over which the the

thermo-optic coefficient is constant, this plot should have a slope equal to that material’s
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FIGURE 5.6: Thermally induced peak position shifts, with linear fits, for the integrated
diamond-GaN device. Each AX/\ data point is an average over all peak shifts associated
with that material.
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TABLE 5.1: Thermo-optic coefficients calculated from the slopes of relative wavelength
shift against temperature set-point.

Material (g—g,':) measured (g—gi) literature

GaN  (6.06£0.16) x 10°K~! 6.0 x 107°K ! [32]

Dia (1.4440.04) x 107° K~ 1.5 x 1079 K~ [33]

thermo-optic coefficient divided by its group index, ny. For the GaN, which has an
FSR of 3 nm, we calculate ny = 2.503 using Equation 5.4. For the diamond, using
Equation 5.5, we get ny, = 2.520. With these, and the slopes of the straight line fits
in Figure 5.6, thermo-optic coefficients are calculated and tabulated in Table 5.1. The
values found with this method are in relatively good agreement with previously reported

literature values [32, 33].

5.3.3 Single-shot temperature error

When calculating the temperature error associated with a resonant wavelength shift, the

following analysis is used, in favour of Equation 5.2:

dA
MNT +AT) = XT) + d—TAT, (5.7)
which is valid over temperature ranges measured here. Here, d\/dT can simply be
considered the initial calibration of the device, therefore including the dispersion present

in the full analysis of Equation 5.2. A single resonance wavelength shift is simply given
by:

AN = Do — A1, (5.8)
where Ay = A\(T'+ AT) and A, = A\(T)

The errors add in quadrature, giving the following expression for the standard error in

the calculated shift:

o(AN) = [0(AN)? + o(AN)2]Y?, (5.9)

where o(AM\;2) are respectively the standard errors in the wavelength positions at T’

and T+ AT, whatever that T' may be. These errors can themselves be obtained after the
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resonance fitting procedure on the associated lineshapes using the Lorentzian function
(Equation 5.6). As was mentioned earlier, since the centre wavelength is a free param-
eter in the fit, its error information is either directly accessible as part of the fitting
process (e.g. in MATLAB) or from the resulting fit’s variance-covariance matrix [34].

An expression for the temperature shift is obtained by rearranging Equation 5.7 for AT"

d\\ !
AT = A — Nl
A( dT) , (5.10)

where d\/dT is the slope of that resonance’s straight line fit calibration measurement.
For clarity, call this slope s. Stemming from a linear regression of A against T (similar
to Figure 5.6), it has its own standard error o(s). Now, having expressions for the errors
in the calibration measurement and subsequent wavelength shift measurements, we can

propagate the errors to find the error in AT

)] e

This is the standard error in a single evaluation of temperature shift after measuring

o(AT) = AT

initial and final wavelengths. In the above spectrum however, there are several peaks
measuring that same shift, spread out over both materials. Justification for this is
twofold. First, thanks to the capabilities of the hybrid integration procedure, the dia-
mond and GaN resonators are located in close-proximity on chip. The size of the entire
chip in comparison to the total area of the Peltier heating element is already small.
Here the combined area of diamond and GaN resonator is so much smaller than even
that, that they can be thought of as sampling the same local temperature. Second, the
transmission spectrum is constructed in 3 s thanks to a rapid sweep speed of 20 nm/s
(or a pace of 0.05 s/nm). Since the voltage supplied to the Peltier is steady on this
time scale, the diamond and GaN resonators are measuring the temperature effectively

simultaneously in this single-shot measurement.

We can thus combine all evaluations from all resonance peak shifts into a single weighted

average with the following:

Zpeaks AT’/O-(AT)2

AT = :
Zpeaks 1/U(AT)2

(5.12)

whose error, again calculated with propagation of errors, is:
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1/2

! , (5.13)

Zpeaks g (AT) —2

o(AT) =

For the increasing Tsetpoint values and GaN and diamond peaks shown in Figure 5.5 (b),
the errors calculated with Equation 5.11 are plotted in Figure 5.7 (a). We note first
that the diamond error is generally smaller than the GaN’s, likely due to its smaller
thermo-optic coefficient reducing the impact of random errors in the slope determining
d\/dT (Equation 5.10). When the weighted average of these two is taken according to
Equation 5.13, the combined error is reduced to around 20 mK. Then, expanding the
summation in Equation 5.13 over all peaks in the spectrum (GaN and diamond), the

error can be reduced even further, as in Figure 5.7 (b).
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FIGURE 5.7: (a) Standard error in each temperature shift measurement using the single
GaN and diamond peaks shown in Figure 5.5. (b) Minimisation of error by averaging
over an increasing number of peaks, taken for the second Tsetpoint in ().

Finally, the combined response of the hybrid device can be expressed as a single collection
of measurements by noting that the correlation between the individual measurements
across each material is near unity; as in Figure 5.8 (a), which shows a correlation co-
efficient p = 0.9997. Using the slope of 0.2347 as a conversion factor, a single set of
wavelength shifts and their associated temperature points and errors can be calculated
(according to Equations 5.12 and 5.13 respectively). These data are shown in Fig-
ure 5.8 (b) which is well modelled by a second-order polynomial function, whose mean
fit residual is 9.2 + 1.8 mK.

Thus by optimizing the fitting procedure to increase the accuracy of resonant wavelength
extraction; using wide-bandgap materials that do not self heat as much; tracking and
averaging over multiple peaks; and utilising the strong correlation between independent

thermo-optic based measurements of temperature, we have demonstrated a hybrid device
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FIGURE 5.8: (a) Correlation between mean diamond and GaN wavelength shifts. (b)
Temperature response of the combined hybrid device, with error bars indicating the
standard error in each temperature estimate.

with a precision nearly five times improved over similar single peak silicon based devices

12].

5.3.4 Stability measurements

Having characterised the precision in a single-shot temperature shift measurement, the
measurement stability with respect to sampling time, which rely on the transient re-
sponses of each device, are now analysed. Unlike the preceding results, these measure-

ments do not represent a combined steady-state response.

A transmission spectrum is first taken to identify a suitable resonance. The laser wave-
length is then parked on the side of the lineshape, in the high gradient, approximately
linear region. The laser is left running, and a time trace of the transmitted light is
taken. At this point in the transmission function, temperature fluctuations will give the

greatest modulation of the throughput optical intensity, as in Figure 5.9.

A separate silicon chip featuring racetrack resonators of similar size and Q factor (cou-
pling length 60 um, bend radius 15 wm, waveguide width 500 nm) was used to compare
with and benchmark the diamond-on-GaN device. The silicon chip featured a 16.11 dB
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FIGURE 5.9: Time trace acquisition method for stability measurement.

coupling loss improvement over the GaN, and so to ensure equal on-chip optical powers
the injected laser power was first attenuated before coupling to the silicon. The equal
on-chip power for both chips was 4 pW, and the Peltier voltage was held at a constant
and steady 1 V, reading 303 K.

Time traces, shown in Figure 5.10, were taken for 500 s with a sampling frequency of
4 kHz. Traces were taken for GaN, diamond, and silicon resonances. The trace labelled
‘System’ in Figure 5.10 was generated in the absence of any chip in the beam path, with
the lensed injection fibre instead aligned directly to the collection optics. Immediately
evident is the long term drift in throughput intensity for the silicon. This drift is weaker
for the GaN and diamond and is absent the system throughput trace — meaning the

drift is not coming from the measurement system.

The frequency analyses of these time traces are shown in Figure 5.11 (a), and were
generated by taking the fast Fourier transform (FFT) of the discrete time traces in
Figure 5.10. They show typical 1/f pink noise at low frequencies. The system trace

sets the noise floor, which includes all those contributions to signal noise that do not
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FIGURE 5.10: Time traces of voltage at the detector with the laser parked on the side
of a resonance for each material, as well as the system throughput trace for comparison.
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FIGURE 5.11: (a) FFT amplitude spectra of the side-of-peak time traces. (b) Allan
variance plots for each trace. (c) Equivalent FFT spectra in temperature units. (d)
Allan variance for the temperature traces.

stem from side-of-resonance temperature fluctuations. Laser frequency noise Above this
sits the diamond, and above that the GaN. As expected, the silicon performs the worst,
having the greatest low frequency noise contribution. The Allan variance (or two-sample
variance) of the signals is plotted in Figure 5.11 (b), and is effectively a measurement of
the stability of the signal over time — or increasing time averaging/sampling windows.
Plotted on a log-log scale, the y-intercept thus corresponds to the noise variance for a
single measurement point. As the sampling window is increased, high frequency noise
components are averaged out and the Allan variance decreases. This trend continues
until a turning point is reached at the minimum Allan variance, beyond which low
frequency oscillations begin to dominate and the Allan variance increases again. Looking
at Figure 5.11 (b), the diamond and GaN Allan variances share a fourfold improvement in
minimum Allan variance averaging times over the silicon, indicating a better performance
over longer time scales. The diamond performs the best here, consistently have a smaller

Allan variance than the other two materials.

While it may seem that by having the smallest thermo-optic coefficient the diamond
provides the most stable environment, and indeed in these like-for-like throughput in-
tensity measurements that seems to be the case. However, when the detector voltage
traces (Figure 5.10) are converted to an effective temperature trace, the diamond per-

forms less well. This conversion is done quite simply by taking the intensity trace as the
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codomain of a function (the approximately linear side-of-peak lineshape), whose domain
is wavelength, or by Equation 5.7, temperature. Consider Figure 5.9. Simply put, we are
working backwards from the time trace, projecting the points onto the resonance peak
and its temperature dependent wavelength points. Since there is no such lineshape for
the system noise trace it must be omitted. Resulting FFT spectra and Allan variance
plots are shown in Figure 5.11 (c¢,d). While the GaN and diamond still share minimum
Allan variance averaging times that remain reassuringly four times greater than the sil-
icon, now only the GaN features an improvement in the minimum Allan variance value

itself.

Previous work on similar diamond disks printed onto SiOs have shown strong confine-
ment of the heat to the diamond disk [35]. Other recent work has shown a significant
barrier to thermal transport between Van der Waals bonded diamond and GaN [36]. Of
course, these problems will be exacerbated by the presence of an air gap between the
diamond and substrate. Subsequently, the transient trapping of heat is likely the reason

the diamond performs less well here, especially at shorter averaging times.

5.4 Conclusion

This chapter presented an application of the hybrid diamond-on-GaN photonic device
fabricated and characterised in the preceding chapter. A brief overview of the field of
photonic thermometry was presented, and the specific advantages of using a dual wide-
bandgap platform were outlined. Following descriptions of an updated fitting procedure
to accurately and precisely extract resonant wavelengths, it was indeed shown that our
hybrid device performs better than narrow-bandgap materials like silicon. Temperature
measurement errors of 9.2 mK were found, which represent a nearly fivefold improvement
over similar silicon devices [12]. This device was left air-clad, but of course a top-
cladding layer of PECVD silica or atomic layer deposited alumina could be used to
encapsulate the device. Although transient response times would be reduced, in steady
state measurements this would preserve the device performance from long term damage

of other environmental changes.

In transient, continuous acquisition measurements, the device performs broadly as ex-
pected given the characteristics of each material. For the GaN and diamond, improved
averaging times were observed at a point four times greater than a directly compara-
ble silicon device. For the GaN only, an additional improvement in the Allan variance

minimum was observed.



Chapter 5 - High precision integrated photonic thermometry utilising a hybrid diamond

on GaN chip 124
References
[1] Andreas Hansel and Martijn J.R. Heck. Opportunities for photonic integrated circuits in optical

(10]

(11]

(12]

(13]

gas sensors. Journal of Physics: Photonics, 2(1):012002, jan 2020.

J. Gonzalo Wangiiemert-Pérez, Abdelfettah Hadij-ElHouati, Alejandro Sénchez-Postigo, Jonas
Leuermann, Dan Xia Xu, Pavel Cheben, Alejandro Ortega-Monux, Robert Halir, and fﬁigo Molina-
Fernandez. [INVITED] Subwavelength structures for silicon photonics biosensing. Optics and Laser
Technology, 109:437-448, jan 2019.

Elisabet A. Rank, Ryan Sentosa, Danielle J. Harper, Matthias Salas, Anna Gaugutz, Dana
Seyringer, Stefan Nevlacsil, Alejandro Maese-Novo, Moritz Eggeling, Paul Muellner, Rainer Hain-
berger, Martin Sagmeister, Jochen Kraft, Rainer A. Leitgeb, and Wolfgang Drexler. Toward optical
coherence tomography on a chip: in vivo three-dimensional human retinal imaging using photonic
integrated circuit-based arrayed waveguide gratings. Light: Science and Applications, 10(1):1-15,
jan 2021.

Juan Sancho-Durd, Kirill Zinoviev, Juan Lloret-Soler, Jose Luis Rubio-Guviernau, Eduardo
Margallo-Balbas, and Wolfgang Drexler. Handheld multi-modal imaging for point-of-care skin di-
agnosis based on akinetic integrated optics optical coherence tomography. Journal of Biophotonics,
11(10):e201800193, oct 2018.

Humphry Davy. Farther researches on the magnetic phenomena produced by electricity; with some
new experiments on the properties of electrified bodies in their relations to conducting powers and
temperature. Philosophical Transactions of the Royal Society, 111:425-439, 1821.

L B Hunt. The Origin of the Platinum Resistance Thermometer. Platinum Metals Rev, (31):10441—
10453, 1980.

C.W. Siemens. -. Phil. Mag., 21(73), 1861.

Hugh Longbourne Callendar. On the practical measurement of temperature: Experiments made at
the Cavendish laboratory, Cambridge. Philosophical Transactions of the Royal Society of London.
(A.), 178:161-230, dec 1887.

Wayne Hale, H Lane, G Chapline, and K Lulla. Wings in Orbit: Scientific and Engineering Legacies
of the Space Shuttle, 1971-2010. 2011.

Gregory F. Strouse. Standard Platinum Resistance Thermometer Calibrations from the Ar TP to
the Ag FP. Special Publication (NIST SP), 250(81), jan 2007.

H Xu, M Hafezi, J Fan, M Taylor, G.F. Strouse, and Z Ahmed. Ultra-sensitive chip-based photonic
temperature sensor using ring resonator structures. Optics Ezxpress, Vol. 22, Issue 3, pp. 3098-3104,
22(3):3098-3104, feb 2014.

Nikolai Klimov, Thomas Purdy, and Zeeshan Ahmed. Towards replacing resistance thermometry

with photonic thermometry. Sensors and Actuators A: Physical, 269:308-312, jan 2018.

Cheng Zhang, G Kang, Yiti Xiong, Tongtong Xu, Linpeng Gu, Yijie Pan, and JiFeng Qu. Photonic
thermometer with a sub-millikelvin resolution and broad temperature range by waveguide-microring
Fano resonance. Optics Express, Vol. 28, Issue 9, pp. 12599-12608, 28(9):12599-12608, apr 2020.



Chapter 5 - High precision integrated photonic thermometry utilising a hybrid diamond
on GaN chip 125

(14]

(15]

(16]

(17]

(18]

(19]

20]

(21]

(22]

[26]

René Eisermann, Stephan Krenek, Georg Winzer, and Steffen Rudtsch. Photonic contact ther-
mometry using silicon ring resonators and tuneable laser-based spectroscopy. Technisches Messen,
88(10):640-654, oct 2021.

Elias Ferreiro-Vila, Juan Molina, Lukas M. Weituschat, Eduardo Gil-Santos, Pablo A. Postigo, and
Daniel Ramos. Micro-Kelvin Resolution at Room Temperature Using Nanomechanical Thermom-
etry. ACS Omega, 6(36):23052-23058, sep 2021.

Hratch G. Semerjian and Ellyn S. Beary. Temperature Metrology and Its Impact on Industry. In
AIPC, volume 684, pages 1-6. American Institute of Physics Inc., sep 2003.

Xing Yi Woo, Zoltan K. Nagy, Reginald B.H. Tan, and Richard D. Braatz. Adaptive Concentration
Control of Cooling and Antisolvent Crystallization with Laser Backscattering Measurement. Crystal
Growth and Design, 9(1):182-191, jan 2008.

M R Pinsky, L Brochard, J Mancebo, and G Hedenstierna. Applied Physiology in Intensive Care
Medicine. Springer, 2006.

Herbert Stanford III. HVAC Water Chillers and Cooling Towers: Fundamentals, Application, and
Operation. CRC Press, 2006.

Alberto Fernandez, F Berghmans, B Brichard, M.C. Decreton, A.I. Gusarov, O Deparis, P Megret,
M Blondel, and A Delchambre. Multiplexed fiber Bragg grating sensors for in-core thermometry in
nuclear reactors. In Proceedings Volume 4204, Fiber Optic Sensor Technology II, 2001.

Shinzo Saito, Toshiyuki Tanaka, and Yukio Sudo. Design of high temperature Engineering Test
Reactor (HTTR), 1994.

Stephan Briaudeau. Photonic and Optomechanical Sensors for Nanoscaled and Quantum Ther-
mometry: The EU Project PhotOQuanT. CPEM 2018 - Conference on Precision Electromagnetic

Measurements, oct 2018.

Cyriaque Genet, Astrid Lambrecht, and Serge Reynaud. Temperature dependence of the Casimir
effect between metallic mirrors. Physical Review A, 62(1):012110, jun 2000.

E. Gil-Santos, D. Ramos, V. Pini, J. Llorens, M. Fernandez-Regtlez, M. Calleja, J. Tamayo, and
A. San Paulo. Optical back-action in silicon nanowire resonators: bolometric versus radiation
pressure effects. New Journal of Physics, 15(3):035001, mar 2013.

B. Fellmuth, J. Fischer, G. MacHin, S. Picard, P. P.M. Steur, O. Tamura, D. R. White, and H. Yoon.
The kelvin redefinition and its mise en pratique. Philosophical Transactions of the Royal Society
A: Mathematical, Physical and Engineering Sciences, 374(2064), mar 2016.

Haiying Fu, Hanan Baddar, Kerry Kuehn, Melora Larson, Norbert Mulders, Anton Schegolev,
and Guenter Ahlers. A High-Resolution Thermometer for the Range 1.6 to 5 K. Journal of Low
Temperature Physics 1998 111:1, 111(1):49-71, 1998.

J. F. Qu, S. P. Benz, H. Rogalla, W. L. Tew, D. R. White, and K. L. Zhou. Johnson noise
thermometry. Measurement Science and Technology, 30(11):112001, sep 2019.

W. Bogaerts, P. de Heyn, T. van Vaerenbergh, K. de Vos, S. Kumar Selvaraja, T. Claes, P. Dumon,
P. Bienstman, D. van Thourhout, and R. Baets. Silicon microring resonators. Laser and Photonics
Reviews, 6(1):47-73, jan 2012.



Chapter 5 - High precision integrated photonic thermometry utilising a hybrid diamond
on GaN chip 126

29]

(30]

(31]

(36]

Francesco Morichetti, Stefano Grillanda, Marco Carminati, Giorgio Ferrari, Marco Sampietro,
Michael J. Strain, Marc Sorel, and Andrea Melloni. Non-invasive on-chip light observation by
contactless waveguide conductivity monitoring. IEEE Journal on Selected Topics in Quantum
Electronics, 20(4), jul 2014.

Ted V. Tsoulos and Giulia Tagliabue. Self-induced thermo-optical effects in silicon and germanium

dielectric nanoresonators. Nanophotonics, 9(12):3849-3861, sep 2020.

Qianfan Xu and Michal Lipson. Carrier-induced optical bistability in silicon ring resonators. Optics
Letters, 31(3):341-343, feb 2006.

Naoki Watanabe, Tsunenobu Kimoto, and Jun Suda. Thermo-optic coefficients of 4H-SiC, GaN,
and AIN for ultraviolet to infrared regions up to 500 °C. Japanese Journal of Applied Physics,
51(11), 2012.

Richard P Mildren. Intrinsic Optical Properties of Diamond. 2013.
G.A. Seber and C.J Wild. Nonlinear Regression. John Wiley and Sons, Ltd, 2003.

Paul Hill, Charalambos Klitis, Benoit Guilhabert, Marc Sorel, Erdan Gu, Martin D Dawson, and
Michael J Strain. All-optical tuning of a diamond micro-disk resonator on silicon. Photonics
Research, 8(3):318-324, mar 2020.

WM Waller, JW Pomeroy, D Field, EJW Smith, PW May, and M Kuball. Thermal boundary
resistance of direct van der Waals bonded GaN-on-diamond. Semiconductor Science and Technology,
35(9):095021, aug 2020.



Chapter 6

Conclusion and outlook

Presented in this thesis were efforts to develop a novel wide-bandgap platform for hybrid
integration with non-native diamond microresonators. The chosen platform was GaN
on sapphire — itself a relatively underutilised material for photonic integrated circuitry.
Thus, details of the initial fabrication and characterisation of the GaN platform were
outlined, and monolithic GaN resonators were found to have good Q factors (loaded:
2.91 x 10%, intrinsic: 1.22 x 10°). Furthermore, despite known difficulties with GaN
on sapphire epitaxy, microresonator losses were found to be as low as 3.13 dB/cm.
Considering this is for an air-clad, fully etched waveguide, this excellent initial result

shows great promise for future optimisation of the platform.

The first example of actively (thermally) tunable GaN microresonators was shown, with
tuning efficiencies of 11.658 pm/mW measured. Naturally, this value is smaller than
similar silicon resonators — because of silicon’s larger thermo-optic coefficient — but com-
pares favourably to other wide-bandgap materials like AIN or LiNbOgs. For quantum
applications utilising room temperature single photons emitted by diamond colour cen-
tres, a tunable wavelength filter such as this is especially important for actively filtering
the spectrally indistinguishable single photons emitted without the mediation of an un-

known quanta of lattice vibrations [1].

A diamond disk resonator was then integrated onto the GaN chip by high accuracy
micro-transfer printing; targeting vertical coupling from the GaN waveguide. In this
way, two cascaded resonators sharing one bus waveguide — one hybrid diamond and one
monolithic GaN — could be probed simultaneously. After the initial characterisation
of the performance of this device, an application was demonstrated in high precision
photonic thermometry. By using two wide-bandgap materials which present independent
responses to temperature shifts, a nearly fivefold improvement in single-shot accuracy

was observed over similar silicon devices, with a precision of 9.2 + 1.8 mK.
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6.1 Future work

Attempts were made to characterise these GaN chips at visible (635 nm) wavelengths,
as in Figure 6.1. However, it was obvious that leakage into the sapphire substrate was
too great. This may be coming from point scattering on defects along the propagation
length of the GaN waveguide, or from modal mismatch on injection at the GaN facets

between the guided mode and the spot projected by the coupling lensed fibre.

There are obvious routes forward around these obstacles however. Firstly, future fab-
rication runs could target partially etched waveguides as opposed to the fully etched
guides presented here. At the expense of larger devices (larger mode areas, larger bend
radii, increased bend losses), waveguides with almost all of the optical power contained
in the GaN can be in principal be fabricated. Figure 6.2(a) shows the fundamental TE
mode for a single mode GaN rib waveguide, on the usual 350 nm AIN buffer, on sapphire.
Two benefits arise: improved mode matching with the output of lensed fibres, reducing
the amount of light getting into the substrate on injection; and reduced scattering from
the buffer layer defects and dislocations, which was previously postulated as a source of
loss in the IR.

Another possibility is to target GaN devices released from a silicon substrate by KOH
underetching. In this case, small photonic devices (Figure 6.2(b)) on membranes of GaN
can be integrated onto another platform, such as foundry-accessible SiN. Here GaN is

changing roles from receiver to donor.

Wide-bandgap materials like diamond and GaN represent the current frontier of re-
search in integrated optics. Silicon has long dominated at infrared wavelengths, but
the emergence of applications operating below its transparency window necessitate the
development of new material platforms. Diamond and GaN are excellent candidates

because of their high refractive indices and complementary properties. For example,

FIGURE 6.1: (a) Plan view of the collection facet of a GaN slab waveguide (50 pm).
(b) Attempted optical and electrical probing of tunable GaN resonators at 635 nm.
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FIGURE 6.2: (a) TE mode of a single mode GaN partially etched waveguide. (b)
Ongoing work on miniature photonic devices for membrane fabrication.

GaN’s scalability and linear electro-optic modulation capabilities; and diamond’s un-
rivalled room temperature single photon sources. Difficulties in diamond growth, and
issues in GaN on sapphire device fabrication, can in both cases be neatly circumvented
by micro-transfer printing. The work detailed in this thesis showed the feasibility of the
hybrid platform, and forwarded an application uniquely suited to a hybrid wide-bandgap
approach.
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Appendix A

Dielectric waveguide theory

A.1 General waveguide equation

Some common waveguide geometries are shown in Figure A.1. The confinement of opti-
cal power to these waveguide is predicated on their possessing a greater refractive index
than their surroundings. The larger this index contrast, the more the light is confined to
the high index region. The cross-sections in Figure A.1 represent the boundaries under

which Maxwell’s equations must be solved to find the allowed modes of propagation.

Planar slab Buried channel Rib Ridge

Raised strip Buried strip Pedestal

FIGURE A.1: Names of various waveguide geometries, where darker regions represent
greater refractive indices. The direction of propagation is into the page. Adapted

from: [1]

Maxwell’s curl equations in a dielectric medium with permittivity, €, are:

OoH

131



Appendiz A 132

OE
VxH=¢e¢— A2
at Y ( )
where pg is the vacuum permeability. In general, dielectrics with linear responses in their

displacement and magnetic fields D and H respectively obey the constitutive relations:

D=¢E+P (A.3)

H=

B
m (A4)

Plugging equation A.4 into equation A.2 results in:

V x <]3> = 5%}3, (A.5)

and by simplifying, taking taking the curl of both sides, and using the vector calculus

identity for the curl of the curl of a vector, we obtain:

d
Vx(VxB)=V(V-B) - V’B = pue

= (VX E) (A.6)

Since there are no magnetic monopoles, the divergence V - B = 0. Finally plugging

equation A.l into the right hand side of equation A.6 results in:

V*H = PRt (A7)

1/2

where we have introduced the refractive index n, given by n = (u,&,)*/* with u, and &,

the relative permeability and permittivity respectively; and the speed of light in vacuum
¢, given by ¢ = (uoao)*l/ 2 with po and g the vacuum permeability and permittivity.
The V? Laplace operator is: V? = 92/9x? + §%/0y® + §?/0z%. By an identical method
to the above, starting instead with equation A.1 and using the fact there are no free
charges in a dielectric (V- D = 0), we arrive at:

V’E = ”j?;?

. (A.8)

These two wave equations describe the propagation of electric and magnetic waves,

travelling though the medium with velocity 1/v* = n?/c?, or v = ¢/n.
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The following is applicable to both wave equations, so consider just the electric field wave
equation. To arrive at the paraxial waveguiding equation, we assume the electric field
is harmonic in time, propagating in the positive z direction, and has time independent

transverse components (i.e. mode profiles E(z,y)):

E(z,y,2,t) = E(z,y)e' @52, (A.9)

where w is the radian angular frequency and 3 is a propagation constant. With this

separation of variables, it is easy to plug equation A.9 into equation A.8 and get:

Vr*E(z,y) + (ko*n® — 8%) E(z,y) = 0, (A.10)

where V2 = 92 /0x? + 0%/0y? represents the transverse components of the Laplace
operator only. We have also introduced the free-space wavenumber, kg, given by kg =
2w /X = w/c. Note that equation A.10 is equivalent to the time-independent Schrodinger
equation. It can only be solved analytically for the planar slab waveguide, where either
0/0x = 0 or /0y = 0. All other geometries listed in Figure A.1 require either ap-
proximations like Marcatili’s method, the effective index method, or beam propagation

methods [2]; or they require numerical finite difference or finite element solvers.

However, some important concepts and properties common to all waveguides can be

highlighted just by considering the case of the planar slab.

A.1.1 The asymmetric planar slab

The planar slab consists of a region of high refractive index, sandwiched between two
regions of lower index, all of which extend to infinity in one of the transverse directions,
meaning either 9/0x = 0 or /0y = 0. Setting d/0y = 0, which is also a valid sim-
plification for rectangular waveguides very much larger in one cross-sectional dimension

than the other, equation A.10 reduces to:

82
52 Lv(@,y) + (ko®ni® = B%) Ey(x,y) =0, (A.11)
where n; is the refractive index in the region being solved for. For the geometry described

in Figure A.2, equation A.11 thus describes three differential equations with ni, no, and

n;3.
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Equation A.11 admits several solutions, but not all are guided modes. Solving for E), is
a process of finding the propagation constants 8 for which the electric field is continuous
across the dielectric interfaces. However, the essential nature of the solutions can be
stated just by inspecting the sign of the (ko?n? — %) term. Neglecting constants, if
B > kon;, equation A.11 describes a function whose second partial derivative is equal
to itself — an exponential function. When 8 < kgn;, the electric field’s second partial

derivative is equal to its own negative — a sinusoidal function.

Take ny > n3g > ny. If kgng < B < kons, the solution is sinusoidal in the no region,
and exponentially decaying in the n; and n3 cladding regions. This describes a guided
mode, where optical power is confined to the waveguide as a plane wave oscillating
with angular frequency w, and decays exponentially with tangential distance from the
waveguide edge as an evanescent wave. This is how light can be guided over great
distances, without diffraction or (in the ideal case) loss. Two such guided modes are
shown in Figure A.2. If kgni < 8 < kgns, the solution is sinusoidal in the guide and the

substrate (region ng), while decaying exponentially in region ni. This corresponds to

0 radiation substrate guided non-physical
modes k.n radiation k.n modes k.n exponential
M 071 modes 073 072 modes
I ® —XH—0———X »X—e > 3
TE1 TEO
n1 neff= 1.1718 neff= 2.0735 neff= 2.3195

(fpoy N \/
» >
Il Il
5‘ o

FIGURE A.2: Transverse electric (TE) field solutions for an asymmetric slab waveguide,
with line profiles and corresponding field patterns taken along the propagation length,
z.
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a non-guided substrate radiation mode, characterised by the continuous loss along the
propagation length of light to the substrate. An example substrate radiation mode is

also shown in Figure A.2.

Each mode has an effective index given simply by n.rs = /ko, and modes are only con-
fined if n.ys is greater than a cut-off value, equal to n3 in this case. As n.yy approaches
na, the optical confinement to the waveguide region increases. For example, note how
the TEO mode in Figure A.2 has a greater effective index, and smaller evanescent tails

extending into the cladding regions, than TE1.

In order to calculate the B values that correspond to guided modes, we start with
equation A.11 . A general solution for a field propagating in z, and where 0/dy = 0, is
given by [3]:

Ey(z,y,2) = Ay(x)e ? (A.12)

Ay(z) is the transverse field profile, given by:

C exp(—qx) 0<z< o
Ay(x) = { C(cos hz — $sin ha) —d<z<0 (A.13)
C(cos hd + {sin hd) explp(z 4+ d)] —oo <z < —d

where C is constant chosen to maintain 1 unit of power in the waveguide; and h, ¢, and
p are intermediate propagation constants, calculated by plugging equation A.12 into

equation A.11:

h = \/na2ko? — 32

:

g =/ 8% = ni2ko?

p = 1/B2 — ns2ky? (A.14)
Continuity of Ay(x) and its derivative at the interfaces = 0 and x = —d leads to:
P+q
tan hd = ————+, A.15
AL~ pa/17) A

Equations A.14 allow the expression of A.15 in terms of 8 only. The intercepts of tan hd
and (p + q)/h(1 — pq/h?) can then be found. In the range konz < 3 < kona, these
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FiGURE A.3: Allowed propagation constants for the above geometry. Only two guided
modes are supported at this wavelength.

intercepts correspond to the values of § that simultaneously satisfy the left and right
hand sides of equation A.15. The fields plotted in Figure A.2 are for a guide of dimension
d=1pum, ne =24, n3 =17, ny = 1.0, and A = 1500 nm; and their allowed 5 values
were taken from Figure A.3. Note also in Figure A.3 for 5 > kono and 8 < kgng,
the two curves tend to each other, implying a continuum of non-guided solutions to
equation A.11 for these propagation constants. Not shown in Figure A.2 are the field
patterns for these two extreme cases, where either 8 > kgng or 0 < 8 < kgnq. In the
former case, the electric field is exponential in all three regions. Continuity conditions
at the boundary mean the field must be exponentially increasing in one or both of the
regions of index n; and ng, and so such a solution is non-physical. In the latter case,

the solution is sinusoidal in all three regions, and is thus termed a radiation mode.
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