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Abstract

This thesis presents the simulation and fabrication of gallium nitride (GaN) integrated photonic devices

for use at a wavelength of 1550 nm. We have developed fabrication processes for GaN on sapphire ridge

waveguides, using e-beam lithography, nickel lift-off, and inductively-coupled plasma (ICP) reactive

ion etching (RIE). The simulation of waveguides allowed for the determination of waveguide widths

and thicknesses for which optical modes are supported, and to identify geometries for which higher

order modes are supported, as well as an investigation into the effects a non-vertical etch profile has

on the waveguide modes.

Nanobeams of GaN with an equilateral triangular cross-section were simulated and found to support

waveguide modes at λ = 1550 nm, with a lateral width w > 400 nm required for optical confinement.

Confined waveguide modes were found for both orthogonal TE and TM polarisations to be degenerate

in effective index. This degeneracy was lifted and waveguides became birefringent when the simulated

etch angle was increased or decreased, and when the waveguide had varying degrees of asymmetry in-

troduced, showing insight into how asymmetry and etch angle affects a waveguide mode in a triangular

waveguide, which are important when considering fabrication tolerances.

We have discussed the results of three-dimensional simulations of GaN photonic crystal nanobeam

cavities (PCNCs), where we use Distributed Bragg Reflectors (DBRs) as mirrors in the cavity, calcu-

lating the mirror strength as a function of filling fraction using the spatial electric field profile. We

compare and contrast two methods of calculating cavity Q factor, determining the ringdown method to

be more accurate and appropriate than the spectral method for the simulations considered. A method

of analysing the effect of loss on Q is presented using the imaginary refractive index ni of the device,

finding that Q decreases exponentially with ni.
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Chapter 1

Introduction

Photonics is the study of light and its interactions with matter; photonics scientists and engineers

study and create devices which harness and manipulate light for a wide range of applications such

as optical communications [1]–[6], medicine [4], [7]–[11], agriculture [12]–[15], consumer products [16]–

[21], and quantum information processing [22]–[27]. One branch of photonics is integrated photonics,

or photonic integrated circuits. Photonic integrated circuits (PICs) consist of multiple semiconductor

photonic devices integrated for combined functionality. Examples of devices which may be on a PIC are

waveguides [28], [29], couplers [30]–[33], multiplexers [34]–[36], and interferometers [37]–[39]. Analogous

to the miniaturisation of transistors in electronic integrated circuits (EICs), integrated photonics is

the genesis of a new age. Scientists are now able to condense and miniaturise large, bench-top optical

components and circuits onto a single chip weighing barely a few grams. Like EICs, PICs may form

the basis of important and ubiquitous technologies in modern life, in ways impossible to fully grasp at

its genesis.

1.1 Telecommunications C-band, λ = 1550nm

When beginning an investigation into developing integrated photonic devices, a key question is which

wavelength of light to investigate. Although many wavelengths would be preferable, this is not prac-

tically possible due to the wide range of lab equipment required (for each wavelength). Wavelengths

around 1550 nm (also known as the C-band) are the most commonly used wavelength of light in

telecommunications. The reason for this is historical - the attenuation of light in silica optical fibres
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is lowest at this wavelength, as shown in figure 1.1 taken from Ref. [40]. As optical data (e.g., the

internet) is propagated over very large distances - hundreds and thousands of km - selecting the lowest

attenuation/absorption regimes as possible is vital. As a result of this, technological aspects surround-

ing optical data transfer such as laser sources, detectors and fibres, have been commonly manufactured

for this wavelength regime. Infrastructure and equipment in this wavelength regime is readily available,

and for a new technology in optical communications/optical data transfer to successfully propagate,

it should look to embed itself in already existing supply chains, for minimal uptake friction.

Figure 1.1: Attenuation of light in a silica optical fibre across a range of wavelengths, showing the
lowest attenuation at a wavelength of 1550 nm. Image taken from [40].

1.2 Integrated Photonics

Integrated photonics is the study of nano- or micron-scale optical and photonic devices onto a single

chip, combining the functionality of multiple sub-devices and/or sub-components onto a single, conve-

nient, chip, called a photonic integrated circuit (PIC). PICs allow for reduced coupling losses between

components, as light does not need to be coupled in and out to multiple different devices; they can

all be combined onto a single chip via waveguides. This on-chip integration means devices can be

condensed, or “miniaturised” onto a single small, lightweight chip. Applications of PICs may include

optical interconnects in data centres [41] “lab-on-chip” medical sensor devices [39], [42], [43], and
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quantum key distribution chips [22]. Figure 1.2 shows examples of PICs from literature to highlight

the diversity of sub-components and sub-devices in PICs. Figure 1.2a shows an InP PIC, consisting

of a grating coupler coupled to a nanopillar cavity, designed for use in optical interconnects; figure

1.2b shows a large-scale silicon optical phased array of grating emitters, for the generation of arbitrary

high resolution far-field patterns; figure 1.2c shows a ring resonator coupled to waveguides and grating

couplers, for the purpose of down-conversion of light from 1550 nm to 780 nm, with false-colour CCD

images of light of different resonance frequencies propagating around the ring resonator; figure 1.2d

shows silicon switching PIC for implantable optogenetic neuromodulation probe, designed to optically

excite the neurons of mice, and record brain activity with electrode adjacent to grating couplers; bot-

tom left inset: multimode interferometer switch to direct light between two ports, top right inset:

vertical grating coupler and recording electrode.

Figure 1.3 shows examples of common PIC components, which we will now discuss. The simplest

but most fundamental component on a PIC is a waveguide, shown in the left half of figure 1.3.

Waveguides are structures designed to confine and guide light along a specific path via total internal

reflection, allowing for the efficient transmission of optical signals. They are a keystone in all of

integrated photonics, allowing light to propagate around a chip, and they also form the geometric

basis of many other PIC components. For this reason, waveguides are the main focus of the work

carried out in this thesis.

Resonators are devices which trap light, enhancing light-matter interactions, and may be integrated

onto a PIC. Resonators on a PIC can be either ring resonators (round and round, e.g., racetrack

resonators, seen in figure 1.3b), or Fabry-Perot (back and forth); photonic crystal nanobeam cavities

(PCNCs), an example of which is shown in figure 1.3c, are a form of Fabry-Perot resonator, with light

being reflected and bounced between two sets of mirrors and the light remaining in the cavity for

an extended time (figure 1.3d shows a simulation of the cavity mode of the PCNC in figure c). The

characteristics and design of PCNCs will be discussed and explored further in §6.

Grating couplers are optical devices used to efficiently couple light between an optical waveguide and

free space or an optical fibre. They are widely employed in integrated photonics for the input/output

coupling of light into and out of on-chip waveguides. The working principle of grating couplers involves

the use of a periodic structure of equally spaced parallel lines or ridges engraved on a waveguide surface.

Figure 1.3a shows a scanning electron micrograph (SEM) of a grating coupler consisting of concentric

parallel arcs. These lines act as refracting elements that are created by a periodic variation in the
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Figure 1.2: Examples of photonic integrated circuits. (a) InP grating coupler coupled to a InP/InGaAs
nanopillar cavity, for use in optical interconnects [35]. (b) Large-scale silicon optical phased array of
emission gratings, for the generation of arbitrary high resolution far-field patterns. The emitted phase
of each pixel is adjusted by the length of the optical delay line within the pixel [33]. (c) Ring resonator
coupled to waveguides and grating couplers, for the purpose of down-conversion of light from 1550 nm
to 780 nm, with false-colour CCD images of light of different resonance frequencies propagating around
the ring resonator [36]. (d) Silicon switching PIC for implantable optogenetic neuromodulation probe,
designed to optically excite the neurons of mice, and record brain activity with electrode adjacent to
grating couplers. Bottom left inset: multimode interferometer switch to direct light between two ports.
Top right inset: vertical grating coupler and recording electrode [39].
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Figure 1.3: Examples of PIC components: SEMs of (a) a waveguide (left) and grating coupler (right),
(b) racetrack resonator [44], (c) photonic crystal nanobeam cavity (PCNC); (d) shows a simulation of
the cavity mode of c [45].
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refractive index along the waveguide. When light propagates towards the grating coupler from a vertical

or near vertical angle of incidence, it interacts with the grating structure. The incident light can be

considered as a superposition of multiple plane waves with different incident angles and wavelengths. As

the light is incident on the grating, it undergoes diffraction, leading to the constructive or destructive

interference of the various diffracted orders. The efficiency of grating couplers is maximized when

the diffracted orders interfere constructively at a specific angle and wavelength, known as the Bragg

condition. For a grating coupler with coupling angle θ, the periodicity p of the gratings is equal to

p =
mλ0

neff − nclad sin(θ)
, (1.1)

where m is the diffraction order, λ0 is the wavelength of light, neff is the effective refractive index of

the waveguide mode, and nclad is the refractive index of the cladding material. Grating couplers will

feature in chapter 4, where we will fabricate them in GaN on a sapphire substrate.

1.3 GaN

Compound semiconductors represent a menagerie of dielectric materials available with excellent passive

and active optical properties. One such material, and the material which will be investigated in this

thesis, is gallium nitride (GaN). GaN is a compound semiconductor with a direct bandgap of 3.4 eV,

and has already achieved great success as an active material in LEDs and lasers, with the 2014 Nobel

prize being awarded to Nakamura, Akasaki and Amano [46], [47] for producing the world’s first blue

LEDs, enabling efficient white light sources to be made. The refractive index of GaN at communications

wavelengths (λ = 1550 nm) is 2.32 [48], which is sufficient to provide the index contrast needed for

optical confinement with an air cladding and a sapphire substrate, the typical substrate of choice for

GaN that makes up the majority of devices in the literature [49]. Table 1.1 shows how GaN compares

to other semiconductors.

Material Bandgap (eV) Bandgap type n Pockels coefficient
Silicon 1.12 Indirect 3.48 0
InP 1.34 Direct 3.16 1.4 pm/V [50]
GaAs 1.42 Direct 3.38 1.5 pm/V [51]
GaN 3.40 Direct 2.32 1.9 pm/V [52]

Table 1.1: Properties of GaN compared to other optical semiconductors. Index n is at a wavelength
of 1550 nm.
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Silicon is currently the de-facto material for PICs [53], [54] due to its low cost and high manufac-

turability, and although silicon is a good passive optical material with transparency at 1550 nm and

low losses - typically less than −2 dB/cm [55] - silicon is a poor active optical material. GaN has some

key advantages over silicon.

Firstly, its wide and direct bandgap: GaN has a wider bandgap compared to silicon, which means

it can efficiently emit, detect, and manipulate light across a broader range of wavelengths, useful

for various applications. Its bandgap is also sufficiently large to prevent two photon absorption (for

wavelengths of 730 nm and above), a power dependent non-linear optical loss; although one photon

may not have sufficient energy to promote an electron over silicon’s 1.12 eV (1110 nm) bandgap, two

photons (with wavelength between 555 nm and 1110 nm) together do.

Secondly, is its crystal structure, which, as opposed to silicon, is non-centrosymmetric. This struc-

ture means that it exhibits a high linear (Pockels) electro-optic effect. In the Pockels effect, the material

refractive index is modified in proportion to the applied electric field strength, making it appealing

for PICs with electrically-tuned applications. GaN also exhibits high nonlinear optical effects, where

the light-induced polarisation in the dielectric medium is nonlinearly dependent on the intensity of

the propagating light, with the second order nonlinear effect enabling frequency doubling (f → 2f),

and the third order nonlinear effect enabling four-wave mixing (f1 ± f2 ± f3 = f4). As the nonlinear

refractive index of GaN has been shown to be an order of magnitude larger than that of conventional

platforms such as Si3N4, AlN and LiNbO3 [56], GaN is an attractive platform for PIC-based nonlinear

photonic applications such as frequency conversion, supercontinuum generation and frequency comb

generation.

1.4 GaN Integrated Photonics

GaN integrated photonics is a novel use of an already successful optical material. Despite being a

successful optical material commonly used in solid state lighting, research and applications of GaN

in integrated photonics is lacking compared to some other compound semiconductors, such as GaAs

[57] [58] and InP [59]. The thriving industry in GaN solid state optics and power electronics could

be a benefit for making PICs, helping to drive demand for larger wafer sizes and lower costs, making

it more accessible to use the range of favourable material properties which make GaN attractive for

PICs.

To the best of our knowledge, the first devices with GaN waveguides were multi quantum well
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(MQW) structures (ridge waveguides) on GaN on sapphire for all-optical switching, which were first

proposed by Suzuki in 1997 [60]. Similar studies [61]–[65] followed this work with waveguides on

GaN/AlGaN MQWs, with a device fabricated by Ref. [65] shown in figure 1.4a.

Since then, several groups have demonstrated GaN on sapphire ridge waveguide devices, namely ring

resonators [56], [66], [67] and electro-optic modulators [68], [69]. GaN’s favourable optical nonlinearity

has been applied in devices, being used for frequency comb generation [56] and supercontinuum light

sources [66]. Ref. [66] also measured the propagation loss of their GaN waveguides to be 0.53 dB,

comparable to silicon photonics. Groups have also simulated electro-optic modulators [68], including

Mach-Zehnder modulators [69]. Some of these devices are shown in figure 1.4.

Figure 1.4: Examples of GaN waveguide devices. (a) GaN on sapphire multi quantum well (MQW)
optical switch [65]. (b) GaN on sapphire ring resonator for frequency comb generation [56]. (c) GaN
on sapphire electro-optic modulator [68]. (d) GaN on silicon waveguide, used to make a ring resonator
for second harmonic generation [36].

As well as sapphire, silicon is also a common substrate for GaN, and has been used in integrated

photonics; silicon is available in very large (e.g. 12 inch) wafer sizes [70], and is relatively cheap.

However, GaN on silicon does not intrinsically have optical confinement, needed for waveguides. The

refractive index n of silicon and GaN are 3.5 and 2.3 at λ = 1550 nm, respectively. However, groups

have circumvented this through using a low index oxide epilayer [36], [71] (with these devices again
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using GaN’s nonlinearity, this time for second harmonic generation), seen in figure 1.4d, or through

using the silicon as a sacrificial layer, removing parts of the silicon to ‘suspend’ GaN nanobeams above

the remaining silicon substrate [45], [72], [73], confining light with the index contrast from air. This

technique has been used to fabricate waveguides [72], [74], [75], PCNC lasers [45], [73], microdisk lasers

[75], and grating couplers [75], all shown in figure 1.5.

Figure 1.5: Examples of devices made using GaN nanobeams suspended above silicon substrates. (a)
GaN/InGaN MQW LED (emitter), waveguide and MQW photodiode (detector) on a single chip [74].
(b) Ref. [72] fabricated suspended nanobeams intended for on-chip LED integration, with the mode
|E|2 profile shown. (c) and (d)Suspended photonic crystal nanobeam cavities capable of efficient lasing
of blue light [45], [73]. (e) Grating couplers and microdisk laser [75].
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1.5 Outline of the Thesis

In this thesis, we will present our work on investigating GaN as a platform for integrated photonics

at 1550 nm. We will simulate and fabricate GaN on sapphire ridge waveguides, investigating the

effects of waveguide geometry on fundamental modes, as well as studying GaN triangular cross-section

nanobeams and how they behave as waveguides and width-modulated PCNCs. Chapter 2 presents

electromagnetic theory relevent to the results presented in this thesis. Chapter 3 outlines the simulation

and manufacturing methods used for the results in this thesis. Chapter 4 details the simulation and

fabrication of GaN ridge waveguides on a commercial GaN on sapphire substrate, analysing waveguide

dimensions suitable for fabrication at 1550 nm, and evaluating our fabrication process. Chapter 5

presents simulation results investigating the capability of GaN triangular cross-section nanobeams

as waveguides, where we perform eigenmode calculations and investigate how features in geometry

including etch angle and asymmetry affect the modes supported. Chapter 6 describes 3D FDTD

simulations of GaN width-modulated triangular PCNCs, where we detail a cavity design consisting of

two Bragg mirrors either side of a central half-wavelength spacer region. We calculate the Q factor

as a function of cavity length, and compare and contrast calculating Q using the spectra and the

ringdowns of the cavities. We also present a method of simulating the effect of loss on Q factor.

Finally, we conclude the thesis in chapter 7 with a summary of the key findings and suggest some

recommendations for further study.
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Chapter 2

Electromagnetic Theory

2.1 Maxwell’s Equations and The Wave Equation

In this thesis, much of the work is based on numerical simulations of the optical properties of, and light

propagation in, optical components in PICs. These numerical simulations rely on solving Maxwell’s

equations in various ways, so this section introduces Maxwell’s equations of electromagnetism, and

derives the wave equation from them.

Maxwell’s equations of electromagnetism relate five vector quantities, E, D, H, J and B, and one

scalar (ρ), where E is the electric field, D is the electric displacement, H is the magnetic field, J is

the current vector, B is the magnetic flux density, and ρ is current density. In dielectric materials, it

is usual to assume there are no charges or current, so ρ = 0 and J = 0. Maxwell’s equations are then:

∇ ·D = 0 (2.1)

∇ ·B = 0 (2.2)

∇×E = −∂B

∂t
(2.3)

∇×H =
∂D

∂t
(2.4)
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where ∇· is the divergence and ∇× is the curl of a scalar or vector field. To progress, the relationships

betweenD and E andB andH are needed. Such relationships are known as the material or constitutive

relations. In linear materials they are simple linear relationships:

D = ε0εE, (2.5)

and

B = µ0µH. (2.6)

ε0ε is the electric permittivity of the material, where ε0 is the permittivity of free space and ε is the

relative permittivity of the material. µ0µ is the magnetic permeability of the material, where µ0 is the

permeability of free space and µ is the relative permeability.

Taking the curl ∇× of equation 2.3:

∇× [∇×E] = ∇×
[
−∂B

∂t

]
(2.7)

and changing the order of differentiation on the right-hand side:

∇× [∇×E] = − ∂

∂t
[∇×B] (2.8)

Substituting in equation 2.4 and 2.5:

∇× [∇×E] = − ∂

∂t

[
µ0ε0µε

∂E

∂t

]
= −µ0εµε

∂2E

∂t
(2.9)

where we assume both µ and ε are independent of time (i.e., µ and ε are constants).

∇× [∇×E] = −µ0εµε
∂2E

∂t
(2.10)

Using the identity ∇ × [∇ × E] = ∇(∇ · E) − ∇2E, and ∇ · E = 0 (as from equations 2.1 and 2.5

current density = 0), we are left with the wave equation for the electric field:

∇2E = µ0ε0µε
∂2E

∂t2
, (2.11)
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A similar derivation gives a similar wave equation for H:

∇2H = µ0ε0µε
∂2H

∂t2
. (2.12)

The solutions to the wave equation are plane waves with angular frequency ω and wavevector k:

E = E0e
i(k.r−ωt), (2.13)

where k is

k =
2π

λ
(2.14)

and describes the change of phase of the propagating wave, and r is the position vector. Light travels

at a speed of 1√
µ0ε0µε

, with this speed typically written c/n, where

c =
1

√
µ0ε0

(2.15)

is the speed of light in a vacuum, and

n =
√
µε (2.16)

is the refractive index of material, describing the factor by which the speed of light is reduced from

that of a vacuum.

2.1.1 Optical Modes in a One-Dimensional Waveguide

Optical modes in a waveguide correspond to specific spatial distributions of the wave function that

satisfy the boundary conditions of the waveguide structure. As light propagates along a device, a

mode’s electric field may be directed perpendicular to the direction of travel - this is called a transverse

electric, or TE mode - or a mode may have its magnetic field directed perpendicular to the direction of

travel - these are called transverse magnetic, or TM modes. Optical confinement in a waveguide usually

occurs as a result of total internal reflection, with the wavevector of the mode k being imaginary and

the wave exponentially decaying in the optically confining cladding dielectric n1. The wavevector k is

real in the waveguide dielectric n2 and the wave propagates, with the condition that n1 < neff < n2,

with neff being the effective refractive index of a guided mode. The effective refractive index neff ,
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equation 2.17, is a constant analogous to the material refractive index, and is the ratio of the wavevector

k of the mode to the freespace wavevector k0, describing the speed of light guided by the waveguide

relative to the speed in a vacuum. The neff is a typical characteristic used to describe modes, and

can be calculated using simulation software, discussed in section 3.1, and is considered the eigenvalue

of the waveguide mode.

neff =
k

k0
. (2.17)

In this section, we will provide a simple one-dimensional example derivation of the waveguide modes

starting from Maxwell’s equations. This one-dimensional example is a simplified but instructive case

to show how waveguide modes are formed in a dielectric structure.

The time dependence of Maxwell’s equations can be separated by using harmonic fields according

to

ψ(r, t) = ψ(r)e−iωt (2.18)

where ψ can represent D, B, E or H. Using this harmonic form of equations 2.3 and 2.4,

∇×E = −∂B

∂t
= iωB = iωµ0µH (2.19)

∇×H =
∂D

∂t
= −iωD = −iωε0εE (2.20)

We will now apply the TE wave equation to the case of a one-dimensional slab waveguide, with

refractive index given by equation 2.21, where n1 and n2 are the index of the cladding and waveguide,

respectively, and w is the width of the waveguide, with a diagram of this structure shown in figure 2.1.

n(y) =


n1, |y| > w

2

n2, |y| ≤ w
2

(2.21)

For a structure which is varying in the y direction, and with light propagating in the z direction,

the change in the x direction is zero, ∂
∂x = 0. The electric and magnetic fields for a TE mode can be

written as

E = (Ex, 0, 0)
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Figure 2.1: One-dimensional waveguide structure for example application of the wave equation. Light
is propagating in the z direction. (a) Optically confining cladding and waveguide (width w) with index
n1 and n2, respectively. Blue line shows the solution to Ey(y). (b) Profile of the refractive index of
the waveguide and cladding, as a function of y position.
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and

H = (0, Hy, Hz).

Equations 2.19 and 2.20 then become

∂Ez

∂y
− ∂Ey

∂z
= iωµ0µHx = 0 (2.22)

∂Ex

∂z
− ∂Ez

∂x
= iωµ0µHy (2.23)

∂Ey

∂x
− ∂Ex

∂y
= iωµ0µHz (2.24)

∂Hz

∂y
− ∂Hy

∂z
= −iωε0εEx (2.25)

∂Hx

∂z
− ∂Hz

∂x
= −iωε0εEy = 0 (2.26)

∂Hy

∂x
− ∂Hx

∂y
= −iωε0εEz = 0 (2.27)

Solutions exist for both orthogonal polarisations, the TE and TM modes. For conciseness, we will

focus on the TE mode (the TM mode can be found by applying the electric and magnetic fields

E = (0, Ey, Ez) and H = (Hx, 0, 0) in the same way as above). Taking the second derivative with

respect to z of equation 2.23 and y of equation 2.24, and substituting these into equation 2.25,

∂2Ex

∂y2
+

∂2Ex

∂z2
+ k2Ex = 0 (2.28)

is the wave equation for the TE mode, where k2 = ω2ε0εµ0µ. This waveguide supports TE modes

travelling in the z direction (light propagating in z) having the form:

Ez = E0,z(y)e
(ikzz−iωt) (2.29)

where the propagation constant, kz, must be the same in all three regions. Substituting equation 2.29
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into the TE mode wave equation, equation 2.28 becomes

∂2E0,x(y)

∂y2
+ k2yE0,x(y) = 0 (2.30)

where

k2y = k2 − k2z (2.31)

The solution of equation 2.31 in the waveguide (the incident wave and its reflection) is a sinusoidal

wave, and in the substrate the solution takes the form of an exponential decay. Hence, the general

solution is

E0,x =


Ae−ik1,yy y < w

2

B sin(k2,yy) + C cos(k2,yy) −w
2 ≤ y ≤ +w

2

De(+ik1,y) y > +w
2

(2.32)

As the solutions need to be confined to the waveguide and oscillate as sines and cosines, k2,y is real,

whereas the solutions should exponentially decay in the substrate, so k1,y is imaginary. The three

layers (two cladding layers and one waveguide layer) have the same kz but different k and ky,

k21 = k2z + k21,y =
(n1ω

c

)2

(2.33)

k22 = k2z + k22,y =
(n2ω

c

)2

(2.34)

kz then written in terms of k and ky is

k2z = k21 − k21,y = k22 − k22,y =
(neffω

c

)2

(2.35)

where neff is the effective refractive index of the waveguide mode, where

n1 < neff < n2 (2.36)

From equation 2.24, Hz is the gradient of Ex. Hence
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H0,z = − 1

iωµ0µ


−ik1,yAe−ik1,yy y < w

2

k2,yB sin(k2,yy) + k2,yC cos(k2,yy) −w
2 ≤ y ≤ +w

2

ik1,yDe+ik1,yy y > +w
2

(2.37)

2.1.2 Optical Modes in a Two-Dimensional Waveguide

We have now solved the electric and magnetic field wave equation(s) for the TE mode in a one-

dimensional waveguide. This analysis has demonstrated how Maxwell’s equations, the fundamental

laws of light propagation, can be applied to dielectric materials to form waveguide modes. We will

now apply these equations to a two-dimensional geometry, to provide a more realistic demonstration.

Figure 2.2 shows an example two-dimensional geometry with a ridge waveguide of width w, height

h and index n2 on a substrate of index n1, with a cladding of index n3, where n3, n1 < n2 is required

for optical confinement. Figure 2.2 also shows a TE mode solution calculated using Lumerical’s MODE

finite difference eigenmode (FDE) software [76]. Similarly to the previous 1D case, the propagation

constant k is imaginary and light exponentially decays outside of the waveguide (n = n1, n3), and

inside the waveguide (n = n2) k is real and light oscillates sinusoidally.

Figure 2.2: 2D ridge waveguide of index n = n2 on a substrate of index n = n1 with an air cladding
of n = n3, where n3, n1 < n2. The TE solution for a GaN on sapphire waveguide calculated using
Lumerical’s MODE finite difference eigenmode (FDE) software [76] is also shown. Outside of the
waveguide the propagation constant k is imaginary and light exponentially decays, and inside the
waveguide k is real and light oscillates sinusoidally.

As well as the effective index, another useful property to characterise a mode is its confinement.

The confinement of a mode can be defined as the amount of light within a waveguide compared to the

total light. In 2D, this confinement factor is
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%confinement = 100×
∫
|Ewg|2 dxdy∫

(|Eclad|2 + |Ewg|2) dxdy
, (2.38)

where |Ewg|2 is the |E|2 in the waveguide, and |Eclad|2 is the |E|2 outside the waveguide; this cladding

can be air, as in suspended waveguides, or air and a dielectric substrate, as in figure 2.2, or another

cladding material, such as silicon dioxide. Another useful characteristic of light in a waveguide is the

group velocity dispersion (GVD), given by equation 2.39. The GVD describes the extent to which the

different frequency components of light in a device will travel at different speeds and spread out in

time as the light propagates through the device.

GVD =
1

c
· dng

dλ
(2.39)

where dng is the change in group index of the mode over a change in wavelength dλ. In a device, GVD

can lead to temporal broadening and chirping of light signals. GVD can be calculated in the FDE

solver, discussed in this next section, by simulating the optical modes over a range of wavelengths and

calculating the respective group indices.
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Chapter 3

Device Simulation and Fabrication

Methods

3.1 Simulation Methods

Simulations are a vital tool used by researchers in integrated photonics, and are available in convenient

off-the-shelf software packages. They allow scientists to test device designs and examine how devices

would perform without having to physically fabricate them, allowing for the adjustment or correction

of a device design before fabrication, saving significant time, money and resources. In this section, we

will briefly outline two of the most common types of photonic simulations, finite difference eigenmode

(FDE) and finite difference time domain (FDTD).

3.1.1 Finite-Difference Eigenmode Method

The finite-difference eigenmode (FDE) solver calculates the spatial profile and frequency dependence

of modes by solving Maxwell’s equations on a cross-sectional 2D mesh of the waveguide, seen in figure

3.1. The FDE solver calculates the mode field profiles and effective index, and software-integrated

frequency sweeps make it easy to calculate properties such as group delay and dispersion. FDE

discretises the simulation region into a 2D mesh of Yee cells [77], and the eigensolver software solves

Maxwell’s equations as a matrix eigenvalue problem in this mesh [78] to find the modes using the

finite difference approximation. Figure 3.1c shows the Yee mesh used to calculate fields in FDE in 2D
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Figure 3.1: FDE solver with (a) a 2D mesh bisecting a 3D simulation object, a triangular nanobeam,
and (b) a screenshot of the Lumerical FDE graphical user interface with mesh and dielectric. (c) 2D
Yee mesh used to calculate fields in FDE with alternating E (red) and H (blue) fields, i and j labelling
the spatial indices of the x and y positions on the mesh, respectively, with the unit cell outlined by
green dashed line.
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with the unit cell marked by the green box, with alternating field components at each mesh point and

each field component lying on points of possible dielectric discontinuities, with the field components

for each cell interpolated by the simulation software into the corner of the cell. In this thesis, we use

the commercially available Lumerical FDE software package [76], which solves Maxwell’s equations in

the following way [78]: assume the fields have dependence ei(kz−ωt). From Maxwell’s curl equations

∇×E = −∂B
∂t and ∇×H = ∂D

∂t (equations 2.3 and 2.4), after scaling E by the free space impedance

Z0 =
√
µ0/ε0, we have

ik0Hx =
∂Ez

∂y
− ikEy (3.1)

ik0Hy = ikEx − ∂Ez

∂x
(3.2)

ik0Hz =
∂Ey

∂x
− ∂Ex

∂y
(3.3)

−ik0εrEx =
∂Hz

∂y
− ikHy (3.4)

−ik0εrEy = ikHx − ∂Hz

∂x
(3.5)

−ik0εrEz =
∂Hy

∂x
− ∂Hx

∂y
(3.6)

Descretising these equations yields:

ik0Hx(j, l) =
Ez(j, l + 1)− Ez(j, l)

∆y
− ikEy(j, l), (3.7)

ik0Hy(j, l) = ikEx(j, l)−
Ez(j + 1, l)− Ez(j, l)

∆x
(3.8)

ik0Hz(j, l) =
Ey(j, l + 1)− Ey(j, l)

∆x
− Ex(j, l + 1)− Ex(j, l)

∆y
(3.9)
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−ik0εrx(j, l)Ex(j, l) =
Hz(j, l)−Hz(j, l − 1)

∆y
− ikHy(j, l) (3.10)

−ik0εry(j, l)Ey(j, l) = ikHx(j, l)−
Hz(j, l)−Hz(j − 1, l)

∆x
(3.11)

−ik0εrz(j, l)Ez(j, l) =
Hy(j, l)−Hy(j − 1, l)

∆x
− Hx(j, l)−Hx(j, l − 1)

∆y
(3.12)

where

εrx(j, l) =
εr(j, l) + εr(j, l − 1)

2
(3.13)

εry(j, l) =
εr(j, l) + εr(j − 1, l)

2
(3.14)

εrz(j, l) =
εr(j, l) + εr(j − 1, l − 1) + εr(j, l − 1) + εr(j − 1, l)

4
(3.15)

Lumerical’s FDE simulation software solves these differential equations to find the eigenvalues of the

modes. FDE is generally quick to compute due to the lack of time dependence and does not require

significant computing resources. Although FDE is capable of simulating in 3D, 2D calculations are

sufficient to analyse the waveguide modes as they contain the mode profile (which is invariant in a

straight waveguide), and the effective index, both of which are the two key results used in this thesis.

3.1.2 Finite-Difference Time-Domain Method

The finite-difference time-domain (FDTD) method is a widely-used general-purpose 3D electromag-

netic solver commonly used for modeling nanophotonic devices in the time-domain. In this thesis, we

use the commercially available Lumerical FDTD [76] software package. In 3D Yee cells, shown in figure

3.2, the electric fields are distributed on the edges of the cell, and the magnetic fields are distributed

on the faces of the cell. The E and H fields are calculated in different time steps, creating a calculation

which ‘leapfrogs’; E and H are never calculated for the same point in time or space, offset by 1/2 a

time step and 1/2 a space step; H fields are solved at time n, and E fields are solved at time n+ 1/2.

The simulation software automatically interpolates all field components to the corner of the Yee cell to

help with visualisation and analysis of results. Like FDE, FDTD allows for the simulation of light in
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arbitrary dielectric structures, allowing for flexible simulation and design of photonic devices. FDTD

allows for the direct calculation of the time domain of light’s evolution, using the permittivity of the

device as well as a light source input to simulate the time dynamics of the electric and magnetic fields

in the device.

Figure 3.2: Yee cell used in finite difference time domain (FDTD) method of simulating time-evolving
fields, with the electric fields distributed on the edges of the cell, and the magnetic fields distributed
on the faces of the cell.

However, the high accuracy and versatility of the FDTD method does introduce some challenges.

The maximum physical size of a device that can be accurately modelled is ultimately constrained by

the available compute resources and is dependent on the simulation resolution as well as simulation

time. The total simulation time is proportional to the number of spatial grid points N to be simulated

and the simulation volume V, with N ∝ 1/dxn, and simulation time therefore ∝ V/dxn, where n is the

number of spatial dimensions simulated assuming a uniform grid of step size dx. The total simulation

time also naturally depends on the time the simulation runs for, characterised by the number of times

steps T calculated, with T ∝ 1/dt. Combining these two dependencies results in a total simulation

time which is proportional to both the spatial resolution and the temporal resolution: simulation time

∝ 1/dt · V/dxn. The Courant stability condition [77] states that for the time step dt of the simulation

to be sufficiently small to resolve the speed of light in the medium, dt must be proportional to dx.

This condition results in a total simulation time which is ∝ 1/dx · V/dxn = V/dxn+1. So, in 3D, the

simulation time scales with V/dx4, meaning a doubling in the resolution of the simulation results in a
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16 times increase in simulation time. Thus, mesh accuracy and the design size can significantly impact

the simulation time.

3.2 Fabrication Techniques

Fabrication of integrated photonic devices is a multi-step process involving several different fabrica-

tion techniques and equipment. This section will introduce fabrication techniques and tools available

and commonly applied to fabricating semiconductor devices for integrated photonics. This section is

intended to introduce the reader to the concepts of semiconductor fabrication that will be used in later

chapters.

3.2.1 Lithography

Lithography, from the Ancient Greek “lithos” meaning “stone”, and “graphein” meaning “to write”,

is the transcription of a design into a physical structure. Unlike the Ancient Greeks, we store litho-

graphic designs as GDSII (Graphic Design System 2 [79]) files, the de-facto two-dimensional CAD

format for integrated circuit design. Lithography can be ‘indirect-write’, as in photolithography, or

‘direct-write’, as in electron-/e-beam lithography. Photolithography offers essentially instantaneous

exposure over full areas, but requires a separate physical mask and has lower resolution than direct-

writing. E-beam lithography works masklessly, ‘pixel by pixel’; it is high resolution but with lower

throughput/processing speeds, and is therefore suited to research and low-volume prototyping. As

such, we will focus on e-beam lithography in this thesis.

E-beam lithography works using a resist - often a solution-dissolved polymer, which is spin-coated

onto the surface of a sample. The intended device design is written into the resist by exposing it

with a focused beam of electrons. A positive-tone resist, when exposed, is made more soluble. When

developed (for electron-beam lithography, a typical developer is a 3:1 ratio of isopropyl alcohol (IPA)

and MIBK (methyl isobutyl ketone/4-methylpentan-2-one), this results in the exposed areas being

dissolved and removed from the surface. Conversely, a negative-tone resist, when exposed, hardens as

polymer chains are cross-linked by the exposing radiation. When a negative-tone resist is developed,

the exposed region(s) remain, and the unexposed region(s) of resist are removed. Depending on the

hardness of the resist compared to the substrate (known as the selectivity), a resist may itself act as an

etch mask, or, a separate hard mask may need to be deposited on top, using the design of the exposed
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resist.

Electron-beam lithography works via the electron-solid interactions in a resist. As electrons pene-

trate a resist, they undergo elastic and inelastic scattering. Elastic scattering is Rutherford scattering

that can be forwards or backwards, either at small angles or large angles, respectively. Large angle

back-scattering causes the ‘proximity effect’, where each exposure pixel receives extra dosage due to

scattering from nearby pixels. The proximity effect can be counteracted by dose modulation, and

the reduction of dosage can be calculated to compensate for this extra exposure. Inelastic scattering

(where energy is transferred to the resist) produces secondary electrons and is responsible for exposure.

3.2.2 Inductively-Coupled Plasma Reactive-Ion Etching (ICP-RIE)

In integrated photonics we are making devices capable of guiding and manipulating light. For this,

optical confinement is needed - a high index guiding core and a low index cladding. Confinement is

achieved through etching, which removes portions of the semiconductor material. The lithographically

written hard mask prevents substrate material underneath from being etched, transferring the device

design to the substrate. Inductively coupled plasma reactive ion etching (ICP-RIE, often shortened to

just ICP etching) is a common dry etching technique, which balances physical and chemical etching.

Gas is input into the reactor chamber, and a high voltage strips electrons from the gas molecules,

creating a ‘cloud’ of plasma. A second RF generator applies a DC-bias to the plasma, accelerating

ions towards the sample and bombarding the surface, etching the substrate. The reactor chamber is

kept under vacuum to remove reaction products from etching, and the temperature of the substrate

can be controlled.

3.2.3 Scanning Electron Microscopy

As the devices we are fabricating are on the nanoscale, i.e., smaller than the wavelength of visible light,

we often need to employ electron microscopy to view and image them. The most commonly used form

of electron microscopy is scanning electron microscopy (SEM). SEM is a powerful tool which provides

indispensable insights into device morphology and structural details. Scanning electron microscopes

raster scan a focused electron-beam onto a sample’s surface. The position of the beam is combined

with detected intensity information to form an image. Figure 3.3 shows several SEM images which

illustrate the results which can be achieved on a wide range of devices and structures by using SEM.
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Figure 3.3: Examples of SEM images, highlighting the versatility of the tool and technique. (a) Arrays
of and (b) single quantum dot micropillar cavity [80]. (b) Cluster of gold nanocubes [81]. (c) Wire
bonded to a semiconductor [81]. (d) Waveguides and two-dimensional photonic crystal cavity [82]. (e)
Side view of alternating layers of GaN and porosified GaN [83]. (f) Two-dimensional photonic crystal
waveguide [84].

3.3 Device Processing

The devices in this thesis were fabricated using an e-beam lithography patterned nickel lift-off process,

and then etched in an ICP-RIE tool. Nickel lift-off is the technique of using deposited nickel as a hard

mask for etching, with nickel being used due to its high etch selectivity with GaN [85]. A positive-tone

resist is lithographically patterned and developed, and nickel is deposited onto this device and resist,

with the nickel adhering to the exposed regions (bare GaN). The device is then bathed in acetone,

dissolving the resist and removing it from the sample surface, as well as the attached nickel, leaving

only nickel attached to the GaN in the specified areas. A schematic of this lift-off process is shown in

figure 3.4. Through the improvement of our lift-off process, including using thinner nickel and keeping

the acetone warm, we were able to improve the device yield from approximately 20% to approximately

100%.

For our nickel lift-off process, we spin-coated a thin (∼ 200 nm) layer of PMMA-A4 resist and

exposed with a 115µCcm-2 dosage. The sample was developed in a 3:1 IPA:MIBK solution for 30

seconds, quenching in IPA. After resist development, 30 nm of nickel was deposited onto the sample

using physical vapour deposition (PVD). PVD was chosen as a deposition method due to its simplicity
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of operation and sub-nm level of control of mask thickness. This simplicity and precision allowed for

an overall highly controllable and repeatable process. This sample was then soaked in warm acetone

(∼ 50◦C) to remove the nickel in the unexposed regions, aka, perform nickel lift-off. Figure 3.4e shows

an SEM image of nickel on a GaN surface deposited using this nickel lift-off process. Once the nickel

hard mask was deposited, the sample was ICP etched with a Cl2 and BCl3 etch chemistry with a 2:1

ratio, at 0◦C, for 7 minutes.

Figure 3.4: Nickel lift-off process. (a) PMMA (or other positive-tone resist) is deposited onto GaN
surface (b) required design is lithographically transferred to PMMA (c) nickel is deposited (d) chip
is bathed in acetone, dissolving resist and ‘lifting-off’ nickel on top, leaving only nickel in prescribed
areas, which has adhered to the GaN surface. (e) SEM of ∼ 30 nm nickel pattern deposited using
lift-off with PMMA resist. This SEM shows the edge roughness of the nickel hard mask.
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Chapter 4

Design and Fabrication of GaN on

Sapphire Ridge Waveguides

4.1 Introduction

Perhaps the simplest and most fundamental component on a PIC is a waveguide, designed to con-

fine and guide light along a specific path via total internal reflection. They are a keystone in all of

integrated photonics, routing light and forming the geometric basis of many other PIC components.

Waveguides can be designed to be either single mode or multimode, by engineering the (horizontal)

width and (vertical) thickness of the waveguide in relation to the refractive index of the waveguide ma-

terial. Multimode waveguides are larger than single mode waveguides and therefore easier to optically

couple and align [86], however, they suffer from modal dispersion [87] and increased bend losses [88].

Rectangular cross-section ridge waveguides, shown in figure 4.1, are the most ubiquitous geometry of

waveguides in integrated photonics. Sapphire could be considered to be the ideal substrate for GaN

ridge waveguide integrated photonics, due to its commercial availability and the index contrast between

GaN and sapphire (n = 2.32 and 1.75 at λ = 1550 nm for GaN [89] and sapphire [90], respectively,)

being able to confine optical waveguide modes.

GaN on sapphire ridge waveguide simulations have been performed in the literature, however, the

majority of these simulations have been of singular waveguide geometries [56], [66], [67], [69] (although

Ref. [68] has simulated two different waveguide widths for their electro-optic modulator design). To

the best of our knowledge, there is currently only one study analysing the mode properties of a wide
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Figure 4.1: (a) Schematic of GaN ridge waveguide (blue, n = 2.32) on a sapphire substrate (in grey,
n = 1.75). (b) Example of a ridge waveguide with field |E|2 profiles of the fundamental TE and
(c) TM modes plotted, calculated using FDE. These waveguides compose of a GaN (n = 2.32) on
sapphire (n = 1.75) substrate with an air (n = 1) cladding, and have a thickness t = 800 nm and width
w = 1000 nm.

range of GaN on sapphire waveguide geometries [91], where a range of square waveguide areas were

simulated and the mode area as a function of waveguide area, and a map of optical loss as a function

of waveguide size and optical power, were calculated.

In this chapter, we will outline and detail the design of GaN on sapphire ridge waveguides via

simulations, starting by creating ‘maps’ of the effective index of fundamental modes for a wide range

of waveguide dimensions, finding the waveguide geometries with no confinement, and those which

support higher order modes. We will then present and analyse the results of fabricating GaN on

sapphire ridge waveguides in a cleanroom. The results in this chapter will act as a starting point for

research and development of GaN on sapphire devices, particularly in the single mode regime, with

the aim of fabricating circuits for cutback measurements. The practical results thereafter give more

detailed results in fabricating using GaN for future researchers to refer to, which are not currently

available in the literature, to the best of our knowledge.

4.2 Design and Simulation of GaN on Sapphire Ridge Waveg-

uides

This section outlines and details the design and simulation of GaN on sapphire waveguides. We also

describe the design and concept behind a circuit capable of experimentally measuring the optical loss

as a function of propagation length.

Ridge waveguides, seen in figure 4.1, represent the perhaps simplest waveguide geometry in inte-

grated photonics; they consist of a core of high index dielectric material of rectangular cross-section

on a cladding of a low index substrate. For single-mode operation, the width of a waveguide must
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not be too wide as to support higher order modes, but still wide enough to provide confinement; with

single-mode operation being preferable as it decreases intermodal dispersion [87] and losses from mul-

timode waveguide bends [88]. This width will also be dependent on the thickness of GaN material

used. Figures 4.1b and c show the fundamental TE and TM modes of a representative waveguide of

width 1000 nm and thickness 800 nm calculated using the FDE method.

Figure 4.2 shows the effective refractive index calculated using the FDE method as a function of

waveguide (horizontal) width w and (vertical) thickness t for a GaN on sapphire waveguide, for the

fundamental TE (figure 4.2a) and TM (figure 4.2b) modes. Such “maps” are a useful starting point

to design waveguides, and are used in this study to determine the appropriate width and thickness

of waveguides to fabricate. As well as the effective index, also shown are the waveguide geometries

for which no modes are confined (region in white), and regions for which the waveguide supports

higher order modes (the boundary of this is region marked by the dashed black line). As seen in

figure 4.2, both TE and TM modes may have an effective index very close to the material index

of GaN (2.32) if the waveguide is sufficiently large, ∼ 1800 × 1800 nm2, with minimal light decaying

outside the waveguide. However, these waveguides are highly multimode, with examples of higher order

modes shown in figure 4.3. The single mode regions in figure 4.2a and b therefore indicate waveguide

geometries which would be most appropriate to manufacture. Figure 4.2 shows there is a narrow region

of waveguide widths which have a single mode operation for the TE and TM polarisations, with these

being our boundaries in geometry. Choosing a waveguide thickness within this boundary will depend

on the intended application. For example, if only waveguides are needed, then only a small window of

widths available is needed, ∼ 50 − 100 nm. On the other hand, if a device will have lots of variation

in waveguide width, then a thickness which has a wider range of widths with confinement available is

needed. However, even in the first example, we would still recommend selecting the thickness available

with the largest available widths as a precaution, to maximise flexibility.

For the TE mode, the thickness with the largest available widths with modes is 500 nm, with widths

between 600 nm and 1200 nm available. For the TM mode, the thickness with the largest available

widths is 700 nm, with widths of 400 nm to 1100 nm available. We have selected a GaN thickness

of 500 nm, due to this being the thinnest material our supplier [92] supplies, and allows for wider

waveguides, which aids with fabrication. This thickness of GaN has a large range of widths available

for optical confinement, marked on figures 4.2a and b by a dashed orange line.

Figure 4.4a shows the effective index for rectangular waveguides of thickness 500 nm, and width
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Figure 4.2: Maps of the effective index of the fundamental (a) TE and (b) TM modes in a GaN
(n = 2.32) on sapphire (n = 1.75) ridge waveguide, as a function of waveguide width and thickness,
calculated using FDE. Dashed black lines indicate higher order mode boundaries. Dashed orange line
indicates a waveguide thickness of 500 nm. 32



Figure 4.3: Example of multimode waveguides, with mode profiles calculated using FDE. The |E|2 and
Ex profiles are shown on the left and right-hand columns, respectively, for the 2nd order TM mode
and 3rd order TE mode on the top and bottom rows, respectively, showing that Ex ≈ 0 for the TM
mode, and Ex ̸= 0 for the TE mode.

varying between 550 and 1200 nm, which is the single mode regime for both the TE and TM modes.

Figure 4.4b shows the mode profiles for the TE and TM modes for a range of representative rectangular

waveguides, including the Ex and Ey field components for a 1250 nm wide waveguide, illustrating that

Ex ̸= 0 and Ey ≈ 0 for the TE mode, and Ex ≈ 0 and Ey ̸= 0 for the TM mode. As seen and as

expected, the optical confinement of both the TE and TM modes increases with an increased width.

The TM mode appears to be less confined, with more of the mode present at the top and bottom

waveguide interface. In a fabricated device, the results in figure 4.4a could be used to determine which

mode light is in by comparing a measurement of the effective index of the mode and waveguide width

to the simulated values. This method would have the limitation of the effective index of the modes

being very similar in value at a width around 650 nm.

33



Figure 4.4: Simulation results for 500 nm thick GaN on sapphire waveguides, calculated using FDE.
(a) Effective index versus waveguide width for a 500 nm thick GaN waveguide on sapphire substrate
with waveguide width varying between 550 and 1200 nm, which is the single mode regime for both
the TE and TM modes. (b) Mode profiles of the fundamental TE (top row) and TM (bottom row)
modes for rectangular waveguides of varying widths and 500 nm thickness. |E|2 profiles are plotted in
the first three columns, and the Ex and Ey fields of a 1250 nm wide waveguide are plotted in the right
two columns, showing that Ex ̸= 0 and Ey ≈ 0 for the TE mode, and Ex ≈ 0 and Ey ̸= 0 for the TM
mode.
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4.3 Manufacturing GaN on Sapphire Photonic Integrated Cir-

cuits

Manufacturing integrated photonic devices is a multi-step process involving several different fabrication

techniques and equipment, requiring high levels of control, hygiene and precision throughout each

step. If a single step is performed incorrectly, or is not refined enough for the task at hand, or if

you are particularly unlucky that day, then it can have knock-on effects to the next processes, and

even render the whole device useless; this is a daunting statement, but through careful considerations

and lots of frustration, anything is possible. In this section, we will outline how to fabricate a simple

photonic integrated circuit on a GaN on sapphire substrate using typical semiconductor manufacturing

techniques. We will show SEM images of our results, and use these to describe the quality of the

fabrication processes. We will also perform waveguide simulations to evaluate how sidewall angles

imposed by our etch would affect a device.

4.3.1 Circuit Design

We have designed a relatively simple circuit, shown in figure 4.5. The purpose of this circuit is to

validate the manufacturing techniques to be used to make GaN on sapphire photonic integrated circuits

within the device geometries described in §4.2. This circuit consists of grating couplers and waveguides

in a row with a separation of 250µm, with the functionality based on the cut-back technique. The

cut-back technique is a method of determining the power loss of an optical device as a function of

propagation length [93].
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Figure 4.5: ‘Cut-back’ circuit for measuring the power loss of waveguides as a function of propagation
length. The circuit consists of waveguide loops of increasing lengths, each with a pair of grating
couplers for coupling light in/out the circuit. Each grating (and waveguide) is 250µm apart. The
waveguide loops in this figure have a bend radius of 50µm, and each loop increases in total length by
400µm. Inset: zoom-in of the smallest waveguide loop in the circuit, with grating couplers.

4.3.1.1 Grating Design

Grating couplers are optical devices used to efficiently couple light between an optical waveguide and

free space or an optical fibre, widely employed in integrated photonics for the input/output coupling

of light into and out of on-chip waveguides. The gratings at the (input/output) ends of the waveguide

loop are a simple focal grating design with a pitch of around 1µm and a width of 765 nm. Twenty

grating periods were chosen to provide a large target to couple to an SMF28 optical fibre. The angle

subtended by the sides of the gratings was 45◦, again to ensure the grating is sufficiently large to couple

an optical fibre.

4.3.2 Fabricated Circuits

Figure 4.6 shows the results of fabricating the previously detailed cutback circuit design. These de-

vices were fabricated on a GaN on sapphire substrate, purchased from a commercial wafer supplier,

KymaTech [92], with a specified GaN thickness of (500± 100) nm. To verify the GaN was fully etched

into the sapphire substrate, we took SEM images and measurements at an angle of ∼ 60◦, seen in

figure 4.7. Figure 4.7 shows measurements of the etch depth, which is (459 ± 6) nm for the GaN and

∼ 700 nm in total. These results confirm that the full thickness of GaN has been etched, due to there
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Figure 4.6: Fabricated cutback circuit. (a) optical micrograph of whole circuit. SEM images of GaN (b)
waveguide (c) grating coupler and waveguide from top-down view (d) grating coupler and waveguide
from angle (e) waveguide loop and grating couplers (f) close-up of a grating coupler, showing the
surface morphology of the GaN, and (g) close-up of a grating coupler, showing the sapphire substrate
(darker region) below the GaN, as the result of over etching. These devices were etched using ICP-RIE
and a nickel hard mask, defined with nickel lift-off using PMMA exposed by e-beam lithography.
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Figure 4.7: SEM images of etched grating couplers with measurements of etch depth. The measured
GaN thickness in figure a is (459± 6) nm.
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being two different layers of material, indicated by a top layer which is lighter in colour, thickness

(459 ± 6) nm, and a second layer underneath, which is darker in colour, and has a visible depth of

∼ 200 nm; the lighter material is GaN, and the darker material is sapphire. This hypothesis is sup-

ported by the thickness of the (fully etched) lighter material being ∼ 500 nm, the specified thickness by

the manufacturer. The etch time was 7 minutes, resulting in an etch rate of ∼ 100 nm/min. Although

the etch has continued into the sapphire, we are able to provide an upper bound of the selectivity of

the etch using this nickel hard mask of ∼ 23, a relatively high selectivity, as expected for a hard mask.

Figure 4.6a shows a wide-view optical micrograph of the full fabricated circuit. As described above,

this circuit contains looped waveguides of differing lengths coupled to grating couplers. The waveguide

loops have different lengths so that the loss as a function of propagation length can be calculated using

the cutback method [93].

When manufacturing waveguides, the dimensions should be “lithographically tuned” to achieve

the desired width, as the lithography process (such as lithographic dosage and lift-off) may not have

complete fidelity. The waveguides in figure 4.8 have a designed width of 765 nm, but the final manu-

factured versions are ∼ 1100 nm. Although such waveguides are still single mode, the width should be

corrected in the CAD file by approximately 350 nm.
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Figure 4.8: SEM images and measurements of waveguide widths.
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4.3.2.1 Edge/Sidewall Roughness

As previously described, roughness in the sidewalls of a waveguide causes reflections and scattering

of the optical mode, which decreases the efficiency of the device/circuit. Sidewall roughness can be

transferred to the substrate either through the hard mask, which will have rough edges, or through the

etch process itself. Different parameters of the etch process can be optimised for smoother sidewalls -

a non-trivial process. It is harder to improve the roughness of the hard mask itself, except by changing

the hard mask for a different material completely. Edge roughness in this case describes the deviation

from a perfect straight line, or perfect curve, that may occur in the edges of the nickel hard mask.

Although it is practically very difficult to have an atomically smooth nickel edge surface, we still must

try to get as close as we feasibly can.

The SEM images in figure 3.4 illustrate the typical edge roughness of nickel from the lift-off process.

When etched, this edge roughness then translates to rough/striated sidewalls. Figure 4.9 shows sidewall

roughness/striations transferred to the sidewalls by the hard mask. Approximately 5 − 10 striations

µm−1 were measured in 4.9b and d. These images also demonstrates angled sidewalls, which we will

now discuss.
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Figure 4.9: SEM images of etched 2 µm of GaN with a nickel hard mask. (a), (b) and (c) show
the angled sidewalls. (b) and (d) clearly show the residual hard mask, as well as striations in the
GaN sidewalls caused by the transfer of hard mask edge roughness from etching, which would lead to
scattering loss.

42



4.3.2.2 Sidewall Angle Simulations

Figure 4.10 shows representative measurements of the sidewall angles of this etch. As seen, the waveg-

uide sidewalls are not perfectly vertical, and are at an angle relative to the perpendicular of the

substrate. The mean sidewall angle for these two images is (16± 3)◦. As the angled sidewalls seen in

figure 4.10 are a deviation from our intended design, it is possible that they will cause adverse effects

in these devices. In this next subsection, we perform FDE simulations to investigate the effect sidewall

angle has on an optical mode. Originally, our devices were simulated to have a perfectly rectangular

cross-section. Because ICP etching is a combination of chemical (isotropic) and physical (anisotropic)

etch processes, the etch recipe used may not achieve this. Ideally, a balance would be struck between

etch parameters to optimise for a completely vertical etch. The results in this section should allow for

the determination of whether angled sidewalls would be an issue in a fabricated device.

A range of quadrilateral waveguide cross-sections were simulated with a fixed upper width, w =

765 nm, and the sidewall angle varied between them, with a schematic seen in figure 4.11b. The results

of these simulations are seen in 4.11a and c. Angled sidewalls increase the size of the waveguide cross-

section, and the mode ‘fills out’ the waveguide more. Figure 4.11a shows the increasing of effective

refractive index of the mode with increasing sidewall angle. This result makes sense, as an increasing

sidewall angle increases the cross-sectional area of the waveguide and there is more dielectric material

for the mode to be supported in, raising the mode’s effective index towards the material index of GaN

(2.32), similar to the results in §4.2, and to be seen in §5.2. It is seen that a waveguide is single mode

for the TE (TM) mode up to sidewall angles θ of ∼ 30◦ (∼ 40◦). As the sidewall angle of the devices

fabricated was measured to be (16 ± 3)◦, we can predict that our fabricated devices would still be

single mode in operation.
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Figure 4.10: SEM images of etched devices, with sidewall angles measured. (a) is a grating coupler,
and (b) is the number five. Note that these images were taken at a stage angle of ∼ 60◦, and these
measurements are approximate. These angle measurements are to 2 decimal places because the native
SEM operating software was used for these measurements, and they should be only considered to 2
significant figures. The mean sidewall angle for these images is (16± 3)◦.
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Figure 4.11: (a) Effective index versus waveguide etch angle, with the second order mode regions
marked by blue and orange blocks for the TE and TM modes, respectively. (b) Schematic of waveg-
uide sidewall etch angle, θ, and fixed upper waveguide width w, of 765 nm. (c) Mode profiles of
representative results from sidewall angle simulations, including the Ex and Ey components for a
waveguide with a sidewall angle of 50◦ showing Ex ̸= 0 and Ey ≈ 0 for the TE mode, and Ex ≈ 0 and
Ey ̸= 0 for the TM mode. Far right: second order modes in waveguide with 50◦ etch angle. Results
calculated using FDE.
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4.4 Summary

By simulating the eigenmodes of rectangular GaN on sapphire waveguides over a wide range of widths

and thicknesses, we have identified the waveguide geometries which only support fundamental modes,

and the geometry boundaries for which higher order modes are supported. These results allow for a

suitable device size to be chosen for fabrication in the single mode regime, and will be important for

future studies on the simulation and fabrication of GaN waveguides. For the widest possible range of

widths available for the fundamental TE and TM modes within this regime, a waveguide thickness

of 500 nm was found suitable. For waveguides with a thickness of ≤ 200 nm, no optical modes are

supported up to a width of 2000 nm. We have also simulated waveguides with a range of sidewall

angles, and discussed the resulting increase in modal effective index. Following these simulations,

GaN on sapphire waveguides were fabricated from 500 nm thick of GaN on a sapphire substrate using

e-beam lithography, a nickel hard mask, and inductively-coupled plasma (ICP) reactive ion etching

(RIE). Nickel was found to be an appropriate etch mask for GaN, with a measured selectivity of at least

23, resulting from an etch rate of ∼ 100 nm/min. We found that using a thinner layer of GaN allowed

for a simpler nickel lift-off process and a thinner nickel hard mask (30 nm compared with 150 nm),

which improved the device yield from ≈ 20% to ≈ 100%. We found the nickel lift-off process to be the

largest contributor to device yield and fabrication success. Although the nickel lift-off process had a

high yield, the design transferred to the hard mask had a width greater than the designed devices -

1100 nm compared to 765 nm - which caused etched devices to be wider than designed as a result.

46



Chapter 5

GaN Triangular Nanobeam

Waveguides

5.1 Introduction

Most waveguides typically have a rectangular cross-section on a low index substrate like the ones

described in the previous chapter. However, a low index substrate is needed for optical confinement,

which can be an issue as not all semiconductors have (a range of) substrates that are both low index

and lattice-matched, with lattice-matching reducing epitaxial growth strain and decreasing the number

of defects in the crystal. As shown in references [45], [72]–[74], this issue can be solved by using

the substrate as a sacrificial layer, chemically etching it away and leaving suspended rectangular

nanobeams.

However, nanobeams with a triangular cross-section (henceforth also referred to as “triangular

nanobeams”), shown in figure 5.1, pose an interesting solution to creating integrated photonic devices

from semiconductor materials without low-index substrates. Triangular nanobeams, also suspending

the nanobeam in air (n = 1), can be conveniently fabricated in a single physical etch by using a

triangular prism Faraday cage in an ICP etching chamber [94], or by angled reactive ion beam etching

[95], [96]. The ion dynamics of Faraday cage etching were simulated and studied by Latawiec et

al. in 2016 [97]. They describe Faraday cage assisted ICP etching as working by “an equipotential

developing at the cage boundaries, resulting in a field-free region inside the cage with electric fields

pointing normal to its faces” - i.e., the electric field on the cage face directs the ions in the etch plasma
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Figure 5.1: (a) TE mode of an equilateral triangular waveguide of width w, calculated using FDE. (b)
Schematic of a triangular waveguide, showing the air cladding (n = 1), and GaN waveguide (n = 2.32).

to have a trajectory normal to the cage face, etching (and undercutting) the material at the desired

angle. Once etching is complete, a nanobeam with a characteristic triangular cross-section remains.

As mentioned, Faraday cage assisted angled etching is not the only possible method of fabricating

triangular waveguides. Another method is reactive ion beam angled etching [95], [96], [98]. In this

technique, the sample is vertically etched to the desired depth, the sample stage is tilted, and a second

etch is performed at an angle, with the state rotated for etch uniformity [95]. Angled reactive ion

beam etching has been demonstrated on the wafer scale with 8 samples in a 5-inch diameter on a

6-inch substrate holder, with a 5.4% and 2.9% variability in etch range and etch angle respectively

across the wafer.

The first group to investigate triangular cross-section nanobeam waveguides studied them in dia-

mond in a 2012 paper [99], in which they fabricated doubly-clamped cantilevers as a proof-of-concept

for the angled etching fabrication technique. Some of the nanobeams fabricated are solid and some

have a 1D array of periodic etch holes, intended to act as an optical cavity. Example SEMs of these

nanobeam structures are shown in figure 5.2. As this was an early proof-of-concept for the fabrication

technique, they did not characterise the optical properties of any of these structures. In the same paper

they also experiment with a conical Faraday cage design, which was used to etch from all directions

and to fabricate pedestals, nano-ring structures, and spiral nanobeams. They then followed up this

work in 2014 [100], where they fabricated triangular cross-section racetrack resonators and PCNCs in

diamond, and were able to optically characterise them using fibre taper coupling. SEM images of some

of their devices are shown in figure 5.3.

Although triangular nanobeams are suspended above the substrate, they cannot literally be fully

‘floating’ above its surface - they must be attached to the substrate in some way. As seen in Figs.
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Figure 5.2: SEM images of a (a) suspended solid nanobeam, (b) suspended optical cavity and (c) FIB
cross-sectioned ∼ 350 nm wide solid diamond nanobeam taken from Ref. [99] to illustrate nanobeams
fabricated using angled etching.

Figure 5.3: SEM images from Ref. [100] of optical devices fabricated in diamond using Faraday cage
assisted angled etching. Left hand side: a 25µm bend radius racetrack resonator, with a close-up of
the side view. Right hand side: photonic crystal nanobeam cavities with a close-up. All SEM images
were taken with a 60◦ stage tilt.
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5.2 and 5.3, convenient attachment and support can be in the form of large ‘pads’ either side of the

nanobeam. However, this poses the question of how to join nanobeams together - which would be

required for large-scale integrated circuits. Ref. [101] performed FDTD simulations to find out how

a widened or tapered nanobeam supporting section, seen in figure 5.4, effects a triangular nanobeam

mode, and how to optimise its design. They also experimented with supports on only one side of the

nanobeam, and found that single-sided supports increased transmission efficiency, with a maximum

value of 98.78%, compared to an already high maximum efficiency of 97.4% for a double-sided sup-

port. These values for efficiency are remarkably high, indicating that networks/circuits of suspended

nanobeams would likely be possible and scalable. Ref. [101] notes that the optimal taper support

shape or design is not necessarily consistent across different etch angles, and so taper designs need to

be optimised for individual nanobeam designs and different materials. Although we have not studied

this in GaN in this thesis, it is useful to know that losses due to supporting sections are low and can

be optimised through simulations and parameter optimisation. A 2021 paper [102] also studied the

waveguiding properties triangular nanobeams, but in SiC. Simulations were performed to investigate

the effect nanobeam cross-section and wavelength has on a mode, and they found that as a nanobeam

width is decreased relative to wavelength, optical confinement decreases. They also simulated changes

in nanobeam etch angle.

Figure 5.4: SEM images from Ref. [101]. Left: FIB made cross-section of a triangular nanobeam,
with interior angles labelled (the lighter grey surrounding the nanobeam is redeposited platinum and
diamond). Right: SEM of support structure and inset: measurement of nanobeam-substrate separation
of ∼ 1.5µm.

Homoepitaxial GaN, which is now available from commercial suppliers [92], would offer the highest

possible crystal quality and thus theoretically PICs made of this material would have less intrinsic loss
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and ideal for integrated photonics. However, as there is no low-index substrate, angled etching would

be needed to create suspended triangular nanobeams to provide optical confinement. As seen in section

1.4, suspended rectangular cross-section GaN nanobeams have been demonstrated in the literature,

using a selective chemical etch. However, to the best of our knowledge, the only previously reported

GaN triangular nanobeam study is a 2020 paper [94], which fabricated singly- and doubly-clamped

cantilevers in GaN using Faraday cage angled etching, seen in figure 5.5. Ref. [94] also included

effective index simulation results for a range of nanobeam widths, which planted the seed for this

chapter of my thesis, with these results first highlighting the possibility of GaN triangular nanobeams

being used for integrated photonics.

Figure 5.5: False-colour SEMs of GaN (a) singly- and (b) doubly-clamped suspended cantilevers. These
images are from Ref. [94].

In this chapter, we study how changes in the cross-sectional geometry of triangular GaN nanobeams

affect the optical modes supported. We will also describe the manufacturing tolerances for nanobeam

width, etch angle, and asymmetry, as well as the minimum distance the substrate must be from the

suspended nanobeam. Eigenmode calculations will be shown for triangular nanobeams of varying

cross-sectional geometry, using the same commercial simulation software [76] and techniques as in

section 4.2. Although our results are for gallium nitride at 1550 nm, these results can be qualitatively

applied to other materials and wavelengths.
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5.2 Effect of Nanobeam Width on the Optical Mode

To the best of our knowledge, there has been no investigation in the literature simulating different

triangular nanobeam widths and the effect width has on waveguide modes. |E|2 intensity profile results

have been reported with a fixed width and four different wavelengths [102] which produced somewhat

analogous results, however this is only qualitatively analogous, and to the best of our knowledge no

quantitative study exists.

We begin our investigation by performing FDE simulations of triangular nanobeams the width of

all three sides ranging from 400 to 1000 nm. To visualise the optical mode and confinement of the

nanobeams, the absolute value of the electric field intensity, |E|2 of the nanobeam cross-section is

used. The purpose of the simulations in this section is to determine the nanobeam width that would

be appropriate to fabricate based on the three conditions of (1): single mode operation, (2): high

optical confinement, and (3): minimal overall dispersion. Figure 5.6a shows the |E|2 profiles of the

fundamental TE and TM modes for equilateral triangle nanobeams of width w = 600 nm, 760 nm and

1000 nm, as well as the Ex and Ey components of the TE and TM modes for a 1000 nm wide nanobeam,

showing Ex ̸= 0 and Ey ≈ 0 for the TE mode, and Ex ≈ 0 and Ey ̸= 0 for the TM mode. Figure 5.6b

shows the confinement of each mode as a function of WG width, with confinement given by 2.38 and

defined here as the percentage of |E|2 that is within the nanobeam compared to the total |E|2. Figure

5.6b shows that optical confinement increases as nanobeam size increases, with the dielectric material

being more able to support the mode. The TE mode is positioned slightly higher than the TM mode,

expectedly, due to the TE mode being horizontally oriented, and requiring more dielectric material in

the horizontal direction. This phenomenon is opposed to the TM mode, which is vertically oriented,

and so does not need to be higher up to take advantage of the larger areas of dielectric material there.

The TE mode is slightly (∼ 2%) more confined to the nanobeam than the TM mode.

Figure 5.7a shows the effective index versus nanobeam width for these simulations of triangular

nanobeam widths. Our results show the TE and TM modes as being degenerate in effective index, with

effective indices of the modes being within 0.01% of each other for all nanobeam widths considered. As

this behaviour is observed for a wide range of nanobeam widths and with a high degree of precision,

we can likely rule out that this is a coincidence, and is instead due to symmetry. This result is notable

- such degeneracy may be expected in a square cross-section with a fourfold symmetry, but here we

also observe it in a triangular cross-section nanobeam waveguide with fewer axes of symmetry, despite

the TE mode being slightly more confined to the nanobeam core than the TE mode. Optical modes
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Figure 5.6: (a) Mode profiles of fundamental TE (top row) and TM (bottom row) modes of equilateral
triangle nanobeams of widths 600, 760 and 1000 nm, showing optical confinement increasing with
nanobeam size. The Ex and Ey fields are plotted for a 1000 nm wide nanobeam, showing Ex ̸= 0 and
Ey ≈ 0 for the TE mode, and Ex ≈ 0 and Ey ̸= 0 for the TM mode. The white outline is the boundary
of the nanobeam. (b) Confinement of TE (red) and TM (blue) modes with increasing nanobeam width.
Results calculated using FDE.
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Figure 5.7: Simulation results for triangular nanobeams of varying widths. (a) Effective index against
nanobeam width for first four modes. Modes 1 and 2 are the first TE and TM modes, respectively,
which are degenerate in effective index. Modes 3 and 4 are hybrid modes. (b) Mode dispersion
against nanobeam width for equilateral triangular WGs of widths between 720 and 840 nm, for the
fundamental TM mode. Dashed blue line marks where the waveguide dispersion is equal and opposite
to the material dispersion of GaN, which is −115 ps/nm/km. (c) Gradient of data in (a), as a function
of nanobeam width.
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are supported for nanobeams with width greater than 400 nm, although confinement is weak, shown in

figure 5.6. For our size range, four modes are supported: the fundamental TE mode, fundamental TM

mode, and two higher order modes, labelled mode 3 and mode 4 in figure 5.7. The two higher order

modes are hybrid TE/TM modes with ∼ 50 : 50 TE:TM ratios. |E|2 profiles for these two hybrid

modes are seen in figure 5.8. Mode 3 is supported for nanobeams with width greater than 720 nm,

and mode 4 is supported for nanobeams with width greater than 860 nm. Figure 5.7 also illustrates

the increase in optical confinement with width seen in figure 5.6, with the increasing effective index

illustrating the mode index being closer and closer to the material index of GaN (2.32).

Figure 5.8: Higher order modes supported by a triangular nanobeam calculated using FDE, with an
800 nm wide nanobeam shown here. The TE:TM fractions are ∼ 50 : 50 for these modes. The index
of mode 3 is 1.1051 and has a TE fraction of 0.5, and the index of mode 4 is 1.0754 and a TE fraction
of 0.5.

5.2.1 Near-Zero Dispersion Point

Group velocity dispersion (GVD) describes the extent to which the different frequency components of

light in an optical device will travel at different speeds and spread out in time as the light propagates

through the device. Having a near-zero GVD is beneficial for applications such as information process-

ing, where the broadening of signals reduces the available/allowable data detection/transmission rate

of a circuit. To the best of our knowledge, no discussion of the near-zero-dispersion point of triangular

nanobeam waveguides has taken place in the literature before our work. The near-zero dispersion point

of a waveguide is the point at which the intrinsic material group velocity dispersion is approximately

equal and opposite to the modal group velocity dispersion; the total dispersion in the waveguide is

approximately zero. The near-zero dispersion point therefore acts as an appropriate goal to aim for

in a waveguide if it is possible, as a light source will not be a perfect delta function - it will have

some bandwidth/spectral broadening. The material dispersion in GaN at 1550 nm is −115 ps/nm/km

[89]. Therefore, a target nanobeam design would have a modal dispersion of +115 ps/nm/km. Figure
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5.7b shows the nanobeam width (765 nm, marked by dashed lines) with this dispersion, at which point

the material dispersion is counteracted, i.e., the near-zero waveguide dispersion point. A nanobeam

waveguide of this geometry would have approximately zero overall dispersion, and would therefore be

a good/appropriate nanobeam geometry to choose for fabrication. As the modal dispersion is very

sensitive to waveguide size, shown in figure 5.7b with a change of only 1 nm resulting in a dispersion

change of ∼ 20 ps/nm/km, the overall dispersion in a fabricated waveguide will not likely be zero, but

we can aim for it to be as close to zero as possible, which is what we have done here.

5.2.2 Manufacturing Tolerances

In this section, we will present results highlighting to what extent deviations in a triangular nanobeam

width effect the mode’s effective refractive index. Based on calculations of the gradient of effective

index against nanobeam width, it is possible to evaluate how the variability in fabrication processes

may affect the effective index of manufactured nanobeam waveguides. These results will also give an

idea of how far away a device may be in terms of intended functionality, based on its deviation from

the prescribed geometry; this change would have an effect on the effective index of the mode, and

by proxy knock-on effects in a device, for example on the efficiency of grating couplers and quality

factor of cavities. To the best of our knowledge, there is no literature on the deviations in triangular

nanobeam waveguide cross-section and its effect on effective index, and how this relates to intended

device design versus fabricated structure.

To determine the variation of effective index with respect to nanobeam width, the gradient of figure

5.7a was calculated. The data was considered to be the same for both the TE and TM modes, due to

their degeneracy in effective index. The tolerance coefficient, given by the gradient, at w = 765nm is

(0.0017±0.0008) nm-1. For our devices, a WG of width 765 nm has an effective index of 1.52, meaning

that, for example, a 1% change in effective index (from 1.52 to 1.50 or 1.54) would occur from a change

in nanobeam width of (9 ± 4) nm, and a 5% change in effective index would occur from a change in

nanobeam width of (45 ± 20) nm. However, it is seen in figure 5.7a that the tolerance coefficient is

not constant, which will clearly have an effect on these calculations if your intended device width is

different to our example of 765 nm. The coefficient as a function of nanobeam width (figure 5.7c)

will help determine the tolerances at any value of designed nanobeam. For example, the nanobeam

widths with the least and most tolerance to change are 420 nm and 660 nm, respectively, with values

of 0.28× 10−3 nm-1 and 2.0× 10−3 nm-1, respectively.
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The structures in the literature [95], [97], [99], [100], [103] appear to have uniform widths, with

little variance. Ref. [103] describes a mean etch angle of (53.5± 2)◦ across over 500 devices, indicating

good device uniformity through angled etching (using Faraday cage angled etching). However, it is not

confirmed whether 53.5◦ was the targeted angle; as seen in §4, adjustment of the fabrication process

is often needed to align intended device design with actual fabricated devices. In angled etching,

this would be achieved by adjustments to the ICP etch bias, changes to the Faraday cage design, or

calibration/tuning of the stage angle, depending on which method of angled etching is employed.

5.3 Etch Angle and its Effect on an Optical Mode

To the best of our knowledge, the only investigation into triangular nanobeam etch angle and its effect

on waveguide modes is the previously mentioned Ref. [102]. However, only the |E|2 intensity profiles

of the modes were discussed without mention of effective index, and only three different etch angles

were calculated. We will now calculate and discuss a wide range of angles, towards the boundaries of

practical to manufacture devices.

As discussed in §5.1, the etch angle can be affected by several different factors, such as ICP con-

ditions and Faraday cage design [97]. For an investigation of how etch angle effects the optical mode,

triangular nanobeams were simulated with an upper angle θ simulating etch angle in the range of 40◦

to 80◦. As these nanobeams are symmetric, both upper angles of the nanobeam are the same. The

width of the nanobeams was kept a constant of w = 765 nm. The height of the nanobeam is equal

to h = w
2 tan θ. Figure 5.9a shows the mode profiles for example nanobeams, and figure 5.9b shows

the confinement for the TE and TM modes. At small θ values, little of the field is contained within

the nanobeam, and most of the mode evanescently decays in the air cladding, particularly in the TM

mode; confinement is poor in the TM mode until an etch angle θ < 60◦, meaning that if the etch

angle is fixed and limited to 60◦ by fabrication equipment available, then a wider device design is

needed. If a wider device design is needed, then mode simulations should be undertaken taken based

on the individual/particular etch requirements to determine the size of nanobeam needed to support

the optical mode.

Figure 5.10 shows the effective index versus nanobeam angle for the fundamental TE and TM

modes. The TE mode has an approximately linear relationship, and the effective index is greater

than the TM mode for nanobeam angles below 60◦, corresponding to better optical confinement,

seen in figure 5.9. The modes then switch at 60◦, with the TM mode having the higher index and
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Figure 5.9: (a) Mode profiles of fundamental TE (top row) and TM (bottom row) modes calculated
using FDE for nanobeams of angle, θ, of 35◦, 55◦, and 70◦. The first three columns show the |E|2
profiles. The final two columns show the Ex and Ey profiles of a nanobeam of θ = 70, showing Ex ̸= 0
and Ey ≈ 0 for the TE mode, and Ex ≈ 0 and Ey ̸= 0 for the TM mode. (b) Nanobeam core
confinement of the TE (red) and TM (blue) modes.

better confinement, approximately characterised by the lesser proportion of evanescent field outside

the nanobeam. Generally, the effective index increases with an increasing nanobeam angle, with the

dielectric increasing in cross-sectional area and being more able to support the light, similar to §5.2 also.

In figure 5.10 we also again observe the TE and TM modes being degenerate for an equilateral cross-

section (θ =60◦). This degeneracy is lifted, and the waveguide becomes birefringent with diverging

effective indices when the cross-section is no longer equilateral, suggesting that the degeneracy is

linked to the symmetry in an equilateral cross-section nanobeam, which is broken when the etch angle

is changed.
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Figure 5.10: Effective index against nanobeam angle, θ. Triangles below the x-axis illustrate how θ
effects nanobeam geometry. Effective index calculated using the FDE method.

5.3.1 Manufacturing Tolerances

These tolerances describe the relationship between a change in etch angle and the change in the effective

index of an optical mode. The gradient in figure 5.10 at 60◦ is (0.0176 ± 0.00017) per degree for the

TE mode and (0.0349±0.0041) per degree for the TM mode. As an example, a 1◦ change would result

in a change in effective index of 1% for the TE mode and 1% for the TM mode.

Ref. [103] describes a mean etch angle of (53.5 ± 2)◦ across over 500 devices, indicating good

device uniformity through angled etching (using Faraday cage angled etching). However, it is not

confirmed whether 53.5◦ was the targeted angle; as seen in §4, adjustment of the fabrication process

is often needed to align intended device design with actual fabricated devices. In angled etching,

this would be achieved by adjustments to the ICP etch bias, changes to the Faraday cage design, or

calibration/tuning of the stage angle, depending on which method of angled etching is employed. Ref.

[100] observed a blue-shift in their cavity resonance of roughly 5% of their targeted values that they

attribute to an uncertainty in etch angle of up to 2◦ of the nominal value, but despite this deviation

they still measured high Q factors of ∼ 183, 000. Ref. [97] state their angled etch results were accurate

to within 1◦.
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5.4 Effect of Asymmetric Etching on a Mode

After angled etching, it may be possible for an asymmetric etch to occur; this could be unintended, for

example due to imperfections in the etch cage [97], or it could be achieved deliberately. To the best of

our knowledge, there currently does not exist any literature on the effects of asymmetry on triangular

nanobeam waveguides. As such, we will now present the first study of this kind.

The effects of asymmetry on the mode profiles of the fundamental TE and TM mode are seen in

figure 5.11a, and the effects on confinement are shown in figure 5.11b. The nanobeam cross-sections

are defined based on the relative position of the bottom vertex, illustrated in the panels below the

axis in figure 5.12. Triangular nanobeams were simulated with a triangular cross-section and width

of 765 nm, for a range of bottom vertex positions ranging from −w/2 (all the way to the left, see

panels beneath axis for illustration) to +w/2 (all the way to the right), each representing a different

asymmetric etch. The mode profiles at a displacement of 0 are the same as those of an equilateral

nanobeam, as in §5.2. The Ex and Ey profiles in the final two columns of figure 5.11a indicate that

the TE and TM modes become less polarised and more hybrid when they are asymmetric, supported

by TE fractions of ∼ 0.6 and ∼ 0.4 for the TE and TM modes, respectively.

Figure 5.12 shows the effect of introducing asymmetry on the effective index of the mode. The TE

and TM modes begin degenerate in effective index when there is no asymmetry (i.e. the waveguide

is equilateral), consistent with figures 5.7a and 5.10. When this equilateral symmetry is broken and

asymmetry is introduced, the waveguide becomes birefringent and the modes diverge, no longer being

degenerate. This observation further points to the TE and TMmodes being degenerate in an equilateral

cross-section nanobeam, as a result of a symmetry which is broken when the cross-section is changed.

As the nanobeam becomes more asymmetric, the effective index of the TE mode increases, from ∼ 1.5

to ∼ 1.6, whereas the TM mode decreases in effective index, from ∼ 1.5 to ∼ 1.4. Both the TE and TM

modes have a similar, slightly non-linear relationship, but the TM mode changes to a greater extent

overall, ∼ 0.16 compared to ∼ 0.08. This behaviour is further visible in the |E|2 profiles in figure

5.11, with the mode profile of the TM mode appearing to be less confined with increased asymmetry,

whereas the mode profile of the TE mode appears to get better confined. The relationship between

bottom vertex displacement and optical mode is symmetric in the positive and negative direction, as

would be expected due to the geometry of the waveguides.
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Figure 5.11: (a) Mode profiles of fundamental TE (top row) and TM (bottom row) for representative
bottom vertex displacements, d, of 0.1w, and 0.25w, with d = 0 also plotted for reference. Displace-
ments of ± any value are reflections of each other with the vertical as the axis of reflection. |E|2
profiles are shown in the first three columns. Ex and Ey profiles are shown in the final two columns,
and indicate the TE and TM modes becoming less polarised and more hybrid, supported by TE frac-
tions of ∼ 0.6 and ∼ 0.4 for the TE and TM modes, respectively. (b) Nanobeam core confinement
for the TE (red) and TM (blue) modes. This relationship is symmetric, as would be expected for this
symmetrical change in cross-sectional geometry. Results calculated using FDE.
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Figure 5.12: Effective index as a function of bottom vertex displacement from centre, calculated using
FDE, with TE and TM modes labelled. This relationship is symmetric, as would be expected for
this symmetrical change in cross-sectional geometry. The schematic above the legend illustrates how
bottom vertex displacement effects the nanobeam cross-section.

5.4.1 Manufacturing Tolerances

These tolerances describe the amount of asymmetry that may occur in a nanobeam before a particular

change in the effective index is observed. In order to calculate the gradient, the data in figure 5.12 was

fitted for only positive displacement of the bottom vertex, but due to the symmetry, this result can

also be applied to a negative displacement. The gradient at a displacement of 0.02w is (0.2287± 3.7×

10−5)w−1 for the TE mode, and (−0.2390±6.9×10−5)w−1 for the TM mode (the reason we consider

the gradient at a displacement of 0.02 and not, for example 0, is because we consider a displacement of

0 to be a point of inflection, with a gradient of 0, as a result of the symmetrical relationship of effective

index with nanobeam geometry). These results give a measure for how much the index of a mode may

be changed due to asymmetry from etching. As an example, a 1% change in effective index occurs

for a bottom vertex displacement of (0.11± 1.8× 10−5)w for the TE mode and (0.12± 3.5× 10−5)w

for the TM mode. These index changes of 1% represent a bottom vertex displacement of 84 nm and

92 nm for the TE and TM modes, respectively, which is relatively large. As such, triangular nanobeam

waveguides are likely to be resistant to negative effects on optical modes due to asymmetry.
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5.5 Effects of Nanobeam-Substrate Proximity

If an angled etch has been under-etched, then a triangular ‘foot’ or ‘stump’ remains present in the

substrate underneath the suspended nanobeam, with examples seen in figure 5.2. As this foot is also

a dielectric material, it is possible for light to evanescently couple to it, which would be a parasitic

loss and make a device less efficient. As the separation between nanobeam and foot is dependant on

the etch time, the effect the proximity of the foot has on the optical device is needed to be studied, so

that appropriate etch times/depths are known prior to fabrication, which is the motivation for these

simulations. To investigate the effect the substrate (foot) beneath a suspended nanobeam has on an

optical mode, a triangular nanobeam and substrate were simulated with varying separation, d, between

the top of the nanobeam and the top of the substrate, with a schematic seen in figure 5.13a. As the

shape of the substrate is also the result of angled etching, it will have a profile/geometry determined

by the etch angle. Figure 5.13b shows a schematic of how the angled profile is formed for a single

step angled etch, alongside the equation for finding the substrate angle, ϕ, also displayed in equation

5.1 (from [94]). Figure 5.13c, also from Ref. [94], shows a SEM after a partial angled etch, nicely

illustrating the profile of the ‘foot’. Using equation 5.1, the substrate foot formed by fabricating an

equilateral triangle nanobeam (i.e. nanobeam interior angle = 90◦ − θ = 60◦, θ = etch angle = 30◦),

has an angle ϕ equal to 11◦. For a triangular nanobeam 765 nm wide, this equals a substrate ‘foot’

height of 662.5 nm (the same as the nanobeam height) and a width of 6817 nm.

tanϕ =
1

3 tan θ
(5.1)

Figure 5.14 shows the results of simulating nanobeams with differing separations from the substrate.

The triangular foot was positioned ‘on top’ of a rectangular section of sapphire - extending beyond the

simulation region. There are no modes supported in the nanobeam for a separation below 50 nm. It is

observed in figure 5.14a that there is little change (0.00075/0.05%) in the TM mode after this critical

separation, with the effective index converging to a value of 1.5183 after a separation of approximately

300 nm. The TE mode has a greater change in index, with the proximity of the substrate increasing

the index by 0.01 (< 0.5%), before converging to a value of 1.5184 at a separation of approximately

600 nm. These results indicate that triangular nanobeams do not have to be over-etched significantly

to provide efficient confinement, with a minimum separation of 50 nm between nanobeam and substrate

needed for the fundamental modes to be supported in the nanobeam, with the effective indices of the
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Figure 5.13: Top: schematic of a triangular nanobeam and substrate residual “foot” as a result of
under-etching, with d, “tip-to-tip” separation between nanobeam and substrate, marked. Bottom-left:
SEM image from Ref. [94] of a cleaved cross-section of a partially-angled-etched GaN nanobeam,
included for a reference for this chapter to a physical device. Bottom-right: schematic of how ions
incident at an angle θ cause an interior nanobeam angle of 90◦ − θ and a substrate “foot” angle of
ϕ(= tan−1((3 tan θ)−1) (eq. 5.1).

TE and TM modes changing by less than 1% compared to an isolated nanobeam. Figure 5.14b shows

|E|2 profiles for a nanobeam and substrate with a separation of 50 nm, showing the similarity with an

isolated nanobeam waveguide.
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Figure 5.14: (a) Effect of nanobeam-substrate separation on mode effective index, calculated using
FDE. (b) |E|2 profiles of the fundamental TE (left) and TM (right) modes for a nanobeam-substrate
separation of 50 nm.
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5.6 Summary

We have presented the first in-depth study into the effects that variations in triangular nanobeam

cross-sections have on waveguide modes. The effective indices of the fundamental TE and TM modes

are seen to be degenerate for a triangular nanobeam waveguide with an equilateral cross-section, with

a waveguide becoming birefringent when the nanobeam cross-section is altered away from equilateral.

The effect etch angle has on a mode has been studied, with a steeper etch angle causing a larger

nanobeam cross-section, and higher optical confinement. Conversely, a shallow etch angle causes a

smaller cross-section and less confinement. These results allow insights into how well a fabricated

device may perform in practice. We found that a minimum nanobeam width of 400 nm is required

for optical modes to be supported in an equilateral triangular nanobeam at a wavelength of 1550 nm.

A nanobeam with a 765 nm wide equilateral cross-section was found to be an appropriate target for

fabrication, as it has an overall group velocity dispersion of approximately zero due to the material

dispersion of GaN being approximately cancelled out by the modal dispersion. The perturbation effects

of the substrate underneath the nanobeam were simulated, with the optical mode having little parasitic

loss into the substrate.
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Chapter 6

GaN Triangular Photonic Crystal

Nanobeam Cavities

6.1 Introduction

Photonic crystal nanobeam cavities (PCNCs) are a small-footprint method of enhancing matter-

light interactions on an integrated photonic platform [104]. PCNCs are a form of Fabry-Perot res-

onator/cavity, with light being reflected back and forth by a pair of distributed mirrors either side of

a central ‘cavity’ region. The mirrors in a PCNC are regular changes in dielectric material geometry,

leading to reflections. These mirrors can be a 1D array of holes etched into the nanobeam, as shown

previously in figures 1.5, 5.2 & 5.3, or modulated changes in width, which are not as common. When

the geometry of these mirrors is designed in an appropriate way, with features on the order of quarter

the wavelength of light, a photonic bandgap occurs, resulting in a stop-band of higher reflectivity, with

modes with frequency within the bandgap being forbidden, and remaining in the cavity.

Triangular cross-section PCNCs, which are PCNCs made using suspended triangular nanobeams

like the waveguides described in the previous chapter, were first demonstrated in diamond in 2012

[99] and shown previously in figure 5.2. In 2021, Ref. [102] studied triangular PCNCs in a different

material, SiC, in which they simulated coupling to colour centres for light emission in quantum infor-

mation processing (QIP) networks. They followed this work up in 2022 [105], where they simulated

a large network of these colour centre-coupled PCNCs for the generation and manipulation of pho-

tonic qubits. Room temperature quantum emitters have recently been observed in GaN [106], which
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could be enhanced in an integrated circuit by a PCNC, with networks of PCNCs coupled to emitters

similarly to Refs. [102], [105] forming the basis of QIP networks. As shown in sections 1.4 and 5.1,

rectangular cross-section suspended GaN PCNCs have been demonstrated in the literature, [45], [73],

and GaN triangular nanobeams have been fabricated [94]. However, there is currently no literature on

triangular cross-section GaN PCNCs.

In this chapter, we outline the principles behind designing a triangular cross-section width-modulated

GaN PCNC, calculate the mirror strength of PCNC DBR mirrors in relation to their geometry, de-

scribe and assess two methods of calculating Q factor, demonstrate the saturation of Q factor with

cavity length, and outline a method of simulating loss in a PCNC. We then attempt to improve on

the cavity design by apodising the cavity mode by gradually the mirror strength profile, in order to

increase the cavity Q factor.

6.2 Triangular Distributed Bragg Reflector PCNCs

Distributed Bragg reflectors (DBRs) are the basis of perhaps the simplest PCNC design; consisting

of alternating quarter-wavelength thick layers with higher and lower refractive indices, DBRs cause

the constructive interference of light and create a ‘stop-band’ with high reflectivity at the targeted

wavelength. A Fabry-Perot cavity can be formed by placing two DBRs, which act as the mirrors,

adjacent to a half-wavelength spacer layer, which maintains the phase of the light and acts as a

localisation region for the cavity mode. A schematic of a triangular cross-section DBR PCNC is shown

in figure 6.1, with side and top-down views shown in figures 6.1a and b showing the widths w1 and

w2, lengths a1 and a2, and effective indices n1 and n2 of the wide and narrow nanobeam segments,

respectively, as well as the length L of the central half-wavelength spacer. A 3D model is shown in

figure 6.1c. For constructive interference, the effective indices n1 and n2 and lengths a1 and a2 of each

segment must satisfy the Bragg condition, 6.1

n1a1 = n2a2 = λ/4, (6.1)

where n1 and n2 are a function of the nanobeam widths w1 and w2 respectively, which can be calculated

by FDE simulations as we have previously demonstrated in §5. Due the mode of a 765 nm wide

nanobeam having approximately zero overall dispersion (calculated in §5.2.1), we have selected a w1

value of 765 nm resulting in an index n1 of 1.52. We then select a second width w2 of 600 nm as it has
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Figure 6.1: (a) Top-down schematic of a width-modulated Bragg cavity. The dashed box indicates
a single period unit of the mirror, n1 and n2 are the effective indices of the two different nanobeam
widths, w1 and w2 are the two different nanobeam widths, and a1 and a2 are the lengths of each
segment. (b) side view of the same structure with mirror and spacer regions labelled. (c) 3D model of
a width-modulated Bragg cavity with central spacer.
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both high optical confinement (shown in figure 5.7a) and a high index contrast with n1, with an index

n2 of 1.20. Using equation 6.1, we get lengths of a1 = 255 nm and a2 = 323 nm. The central cavity

is a half-wave spacer layer of length L where na = λ/2, where either n = n1 and a = a1, or n = n2

and a = a2. In our design, we choose n = n2 = 1.20, and a = a2 = 323 nm. We have now outlined the

basic design of a triangular cross-section DBR cavity, and will now move on to evaluating our design.

6.2.1 Filling Fraction of Triangular PCNC DBRs

The filling fraction (FF) of a DBRmirror can be defined as the fractional area of the narrower nanobeam

section, a2, compared to the total period of the mirrors a1 + a2:

FF =
a2

a1 + a2
. (6.2)

Changing the FF changes the optical pathlength of each section, which in turn changes the phase and

leads to reflections in the nanobeam. Earlier, we calculated the lengths a1 and a2 of the wide and

narrow sections of DBR mirrors that satisfy the Bragg condition, as 255 nm and 323 nm respectively.

A DBR of this design therefore has a FF of 0.559. As we change the FF and move away from the

Bragg condition, the mirror strength in the DBR should decrease

6.2.2 Mirror Strength of Triangular PCNC DBRs

One of the crucial properties of a DBR mirror is its mirror strength, γ, a measure of how strongly

light is reflected by the DBR. Having a DBR with the highest γ is needed for higher quality cavities,

and occurs at the Bragg condition. When light is incident on a DBR mirror at a wavelength in the

stop-band, propagation is forbidden and some light is reflected, and some light exponentially decays

into the mirror. The envelope of this decay in the mirror can be defined as

E(x) = E0e
−γx, (6.3)

where E(x) is the field of the light in the mirror along the propagation axis x, and E0 is the field of

the light incident on the mirror, i.e., the field of the source. The higher the value of γ, the stronger

the decay in the mirror, with the decay of E(x) being able to be measured in a simulation. We will

now use the FDTD method to simulate a range of DBRs with differing mirror filling fractions (FF)

and calculate γ for each, which will allow us to (1), verify whether a cavity design with this FF will
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result in the highest mirror strength and therefore Q factor, and (2), allow us to attempt to apodise

the cavity to increase Q further.

Figures 6.2a and b show a schematic of the simulation setup from the top and side, respectively.

The FDTD simulation consisted of a source injecting the fundamental mode from a uniform-width

(w = 765 nm) nanobeam section towards a DBR mirror. The purple line in figure 6.2c shows the

placement of the source, the green box shows the mirror region, the yellow box shows the uniform

region, and the blue box indicates E as a result of reflections from the mirror. The light source

has a wavelength λ = 1543 nm, chosen as a result of broadband simulations of these devices. Light

propagates towards the DBR, and exponentially decays within the mirror, according to equation 6.3,

with an example of this decay shown in figure 6.2c. To calculate the mirror strength γ, the natural

log of the E signal along the centre of the DBR (where E is at its maximum) is then taken, shown

in figure 6.2d, with this slope equalling −γ. We then normalise γ to the total period of each mirror

segment, a1 + a2 = 578 nm.

Triangular nanobeams of varying FFs were simulated in Lumerical FDTD [76] and the mirror

strengths calculated for each FF. The results of these simulations are shown in figure 6.3, with errors

estimated from the error in the linear fit. We observe that there is a point of maximum γ, with

γ decreasing approximately quadratically away from this maximum and reducing to zero, at which

point light no longer decays in the width-modulated nanobeam and is able to propagate through the

nanobeam. This result is in good agreement with the literature [107]. The maximum γ is at the Bragg

condition, and decreases as the FF moves away from the Bragg condition. As seen in figure 6.3, mirror

strength is highest (γ = 0.151 ± 0.017) for a mirror with an FF of 0.567. This is slightly different to

the calculated Bragg condition of FF = 0.559, γ = 0.149± 0.016, however this is still within the error

tolerance. We will now use a grating with this FF to construct a cavity.
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Figure 6.2: (a) Top view and (b) side view of simulation setup to calculate mirror strength of width-
modulated nanobeams, with formula for filling fraction (FF) shown. (c) |E|2 profile along the x
(propagation) axes along the width-centre of the nanobeam, with different elements labelled. The
purple line shows the placement of the source (which injects the fundamental mode into the device),
the green box shows the mirror region, the yellow box shows the uniform region, and the blue box
indicates the |E|2 as a result of reflections from the mirror. (d) Natural logarithm of the exponential
decay of |E|2 in the mirror region (green box in figure c), with the gradient being used to calculate
the mirror strength of a particular mirror size. This gradient is then normalised to the period of the
mirrors, 578 nm.
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Figure 6.3: Mirror strength γ with error bars, normalised to the mirror periodicity, 578 nm, as a
function of the filling fraction FF of the narrow nanobeam section. Calculated from FDTD simulations.

6.2.3 Q Factor of a PCNC Cavity

Following the calculation of the mirror design with the highest mirror strength in §6.2.1, we have

designed triangular cross-section PCNCs with these parameters and will investigate their Q factors.

The main figure of merit of an optical cavity is the quality factor, also known as the Q factor, or Q.

The Q factor encapsulates the overall ‘quality’ of a cavity, describing the lifetime of a photon within

the cavity. The Q factor is a fundamental metric used to evaluate the performance of resonators and

is crucial in applications such as lasers, filters, and sensors. For example, in optical filters, a high-

Q resonator leads to sharper and more selective spectral responses, and in sensors, a high-Q cavity

increases the sensitivity and resolution of the sensing mechanism.

We will now outline how to use FDTD simulations to calculate the Q factor of a DBR cavity using

two different methods, and show how Q factor of a DBR saturates with increasing cavity length. We

will compare and contrast these two methods in the context of performing FDTD simulations. We will

then present a method of calculating simulated loss in a DBR, and examine its effect on Q factor.

6.2.3.1 Calculating Q Factor

The Q of a cavity can be calculated in several ways. In the first we will consider, Q can be expressed

as a dimensionless decay rate, defined as the ratio of energy stored in the cavity and the energy loss
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per cycle,

Q = 2π
Estored

Eloss
, (6.4)

where Estored is the optical energy stored in the cavity, and Eloss is the energy lost from the cavity

per cycle. Secondly, the Q can be expressed as a fractional bandwidth of the cavity resonance,

Q =
λ0

∆λ
=

ω0

∆ω
(6.5)

with λ0 and ω0 being the resonant wavelength or frequency, and ∆λ and ∆ω being the full width at half

maximum (FWHM) of the resonance peak. Both the ringdown and spectral methods of calculating

Q will be used in this section, and we will see that they are both useful in different Q factor regimes.

Calculating the Q factor from a spectrum using equation 6.5 is straightforward, with the FWHM and

resonance wavelength or frequency able to be calculated easily; calculating Q from energy lost over

time (as in equation 6.4) is less so, but we will now outline how.

The time domain signal of a cavity resonance, also called the ‘ringdown’ of a cavity, shown in figure

6.4a, is the decay in energy over time. The ringdown is given by

E(t) = U(t)eiωte−αt, (6.6)

where U(t) is the step function to ‘ring up’ or excite the cavity, indicated by the yellow boxes in

figure 6.4, and α is the decay constant and the gradient of the logarithm of the decay envelope in the

ringdown (with the logarithm of a decay shown in figure 6.4b) where α = 1/τ , with τ being the photon

lifetime of the cavity. The decay envelope of the ringdown can be given by

Eenv(t) = E0e
−t/τ = E0e

−αt, (6.7)

where Eenv(t) is the field decaying in the cavity indicated by the purple boxes in figure 6.4, and E0 is

the field once the cavity has been excited or ‘rung up’, i.e., the source field.

|E(ω)|2 =
|E0|2

(α2 + (ω − ω0)2)
(6.8)

|E(ω)|2 is at its maximum value of 1/α2 when ω = ω0, and at half this maximum when ω = ω0 ± α.

Therefore, the FWHM ∆ω = 2α. Substituting this into the fractional bandwidth expression of Q,
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Figure 6.4: (a) FDTD-simulated ringdown E(t), and (b) logarithm of plot (a), with yellow and purple
boxes on both plots marking the cavity ‘ring up’/excitation, and the ringdown/exponential decay,
respectively. In (b), the gradient of the decay is plotted in red, and the data points used to calculate
the gradient marked with red crosses. Both (a) and (b) have insets with zoomed-in views of the data,
and are of a DBR cavity with N = 50 mirror periods either side of central quarter-wave spacer.
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equation 6.5,

Q =
ω0

2α

and rearranging for α, we get

α =
ω0

2Q
.

Substituting this into the equation for the time-varying field envelope (equation 6.7) we get

Eenv(t) = E0e
−ω0t/2Q.

Taking the natural logarithm and using the fact that ln(Eenv(t)) = −αt:

ln(Eenv(t)) = −ω0t

2Q
= −αt (6.9)

and rearranging for Q, we once again get

Q =
ω0

2α

which can also be written as

Q =
ω0τ

2
[108]. (6.10)

We are now able to calculate the Q factor using both the spectrum and the ringdown of a cavity.

To aid our discussions of cavity Qs, we define two different regimes of Q: a “high Q” regime, and

a “low Q” regime. Here, we define a high Q cavity as one that we are not able to fully simulate the

ringdown of with the simulation conditions that we have used, e.g., the simulation time of 5000 fs; we

then define a low Q cavity therefore as one we are able to fully simulate the ringdown of. In our case,

this boundary between low Q and high Q corresponds to a Q ∼ 400. Depending on the length of

the cavity, this results in a compute time between three and eleven hours. We acknowledge that this

definition of high Q and low Q is not universal as the simulation time is chosen based on a compromise

between accuracy of results and compute time, and other machines used to simulate devices will be

different. However, these definitions will offer assistance when describing the results we will present.

6.2.3.2 Q vs Cavity Length

We will now use FDTD to simulate a range of triangular DBR cavities with varying lengths and

calculate their Q factor. For our simulation setup, ten dipole sources were pseudo-randomly positioned
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in the centre of the cavity to inject light into the cavity, with a wavelength λ = 1543 nm. The sources

had a pulselength of 500 fs and offset of 800 fs, with the properties of the sources a compromise between

simulation time and spectral bandwidth of the sources. Although originally designed for a wavelength

of 1550 nm, broadband simulations of the cavities revealed resonance at a wavelength of 1543 nm. This

resonance is sufficiently close to 1550 nm for the purposes of this project of demonstrating triangular

PCNCs in GaN. The cavities had varying numbers of mirror periods, withN being the number of mirror

periods either side of the centre of the cavity (i.e. N = half of the total mirror periods of the PCNC).

Results were measured from ten psuedo-randomly positioned monitors in the centre of the cavity,

which record the electromagnetic fields as a function of position, time, and frequency/wavelength.

The Q factors for DBR cavities increasing in size from N = 20 to N = 150, in intervals of 10, are

shown in figure 6.5. Q factors are shown calculated from both the cavity spectrum (figure 6.5a) and

ringdown (figure 6.5b), including error bars for both. Q factors from the cavity spectra are calculated

from the fractional bandwidth (equation 6.5), with the error in these Qs, δQ estimated with

δQ = Q
δ∆λ

∆λ
, (6.11)

where Q is the spectrally-calculated Q factor, ∆λ is the FWHM of the peak, and δ∆λ is the error in the

FWHM, equal to 0.579 nm (half the spectral resolution). Qs are calculated from the ringdowns using

the gradient of the logarithm of the ringdowns (equation 6.10), with the error in these Qs estimated

using the standard error in the data used to calculate the gradient of the envelope of ln(E(t)).

The spectral Q factors in figure 6.5a increase slowly and approximately linearly with N , with an

approximate gradient of 40N−1 up until a maximum of Q = 1630 ± 1000 at N = 60, after which Q

saturates at around 1200; however, the large errors make it difficult to determine an exact relationship

or precise values. On the other hand, the Q factors calculated using the ringdowns of the cavities show

a clear saturation, saturating at Q ≈ 4100 from N = 90 onwards. It is noted that after saturation, the

Q factor appears to oscillate between a value of ∼ 3900 and 4600. The Q factors calculated using the

spectra and ringdowns are similar for low Qs, but quickly diverge.

We will now discuss the reason for the saturation of Q factor: the Q we have been discussing

and calculating thus far is the net Q - the sum of the total Qs - there are different sources of loss

within a cavity, each with their own Q factors and individual 1/Q decay rates, defined by subdividing

the energy loss per cycle in equation 6.4 into two separate loss mechanisms, Eloss = Elossw + Elossr,

where Eloss is the total loss out of the cavity, Elossw is the loss from light decaying into the uniform
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Figure 6.5: Q factor versus number of mirror segments N on either side of the cavity centre, with error
bars. (a) Q calculated using spectrum. (b) Q calculated using ringdown. Inset in (b) shows 1/Q vs
N . Cavities simulated using the FDTD method.
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nanobeam either side of the cavity, and Elossr is the loss from light radiating out from the cavity into

the air, i.e., radiative loss [108].

The total Q of our cavities is therefore

1

Q
=

1

Qw
+

1

Qr
, (6.12)

where 1/Q is the total decay rate, 1/Qw is the decay rate of light into the uniform nanobeam waveguide

(either side of the DBRs), and 1/Qr is the decay rate from light radiating into the surrounding air, or

the radiative loss. Qr is roughly independent of N , and Qw increases exponentially with N [108]. This

means that as N → ∞, 1/Qw → 0, and Q → Qr, resulting in 1/Q decreasing exponentially, which is

observed in the inset of figure 6.5b, and Q saturating at ∼ Qr, ∼ 4000.

In terms of physical devices, these results mean that there is an upper limit to the cavity size one can

fabricate before diminishing returns in Q are reached. As the losses from fabrication imperfections, e.g.

surface roughness and variation in mirror dimensions, are proportional to the cavity length, fabricating

a longer device could actually decrease Q beyond this saturation point. In order to minimise device

footprint while maximising Q, we therefore recommend performing similar calculations to those in this

section, to determine the saturation point for your PCNC design before fabricating a device to be used

in a PIC.

6.2.3.3 Comparing the Spectral and Ringdown Q Calculation Methods

We will now examine the spectra and ringdowns to determine the sources of these large errors, and

compare and contrast the ringdown and spectral methods of calculating Q. Figure 6.6 shows represen-

tative ringdowns and spectra of the cavities simulated. Figure 6.6a, b & c show ringdowns, and figure

6.6d, e & f show spectra of cavities for N = 20, 50 and 140, respectively. As just seen in figure 6.5, the

Qs calculated from the spectra have significantly (∼ 5 times) larger errors than the Qs calculated from

the ringdowns. The reason for the large errors is because the error in spectrally calculated Q, δQ, has

a second order dependence with the value of Q; both Q and δQ, equations 6.5 and 6.11, are inversely

proportional to the FWHM ∆λ: δQ = Q λ0

∆λ = λ0

∆λ · δ∆λ
∆λ = λ0δ∆λ

∆λ2 ,∝ 1
∆λ2 . In practical terms: as Q

increases, the FWHM gets narrower and the error in FWHM therefore increases, increasing the error

in Q; this is then compounded by the propagated error being proportional to the value of Q.

As seen in figure 6.6d, e, f, the width of the spectral peak decreases with an increasing Q, as

expected. However, at a certain point the linewidth reaches a similar magnitude to the spectral
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Figure 6.6: Ringdowns (a, b, c) and spectra (d, e, f) of DBR cavities with 20, 50 and 140 mirror
segments, respectively, on either side of the cavity centre, calculated using the FDTD method. Spectra
have Lorentzian functions fitted (blue), used for calculating Q.

resolution, and the linewidth is too narrow and no longer able to be resolved. As the spectral resolution

is of a similar magnitude to the linewidth, this leads to large errors in calculated Q, seen in figure 6.5a.

As the simulation is no longer able to resolve the spectra, this means that the Q calculated here using

the spectra are not the actual Qs of the devices, and are resolution-limited. As such, the results in

figure 6.5a are not a valid representation of the Q factors of these cavities. As opposed to the results

in figure 6.5b from the ringdowns, which are.

For low Qs, the results from the spectra and ringdowns are relatively similar. However, as stated

at higher Qs the spectral method breaks down, and cannot resolve Qs much higher than this. This is

in contrast to the ringdown method, which is able to reliably resolve arbitrarily high Qs. The error

in Q at low Qs is relatively similar for both the spectra and ringdown results, and the errors increase

in magnitude relatively similarly with increasing Q, but the errors in the spectral Qs are still 5 − 15

times larger than those from the ringdowns. The maximum error in Q from the spectra is ±1880 for

N = 60, and the maximum error in Q from the ringdowns is ±109 for N = 110.

In order to more accurately calculate Q factor from a spectrum, a much smaller spectral resolution

is required. The large error in Q calculated spectrally is a result of the poor spectral resolution of

the simulation, with spectral resolution inversely proportional to simulation time. This resolution is

not able to be greatly increased, as this would lead to prohibitively long simulations, with the cavity
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simulations discussed here taking approximately six hours for the time we have simulated (5000 fs).

In order to increase the spectral resolution to bring the error in Q to a comparable level to that from

the ringdown, the simulation time would need to be approximately five times as long. For a full set

of cavity simulations such as here, that could result in many further weeks of simulation time. As a

further example and demonstration of the limitations of the Q calculated from a simulated spectrum,

in order to calculate the Q/resolve the FWHM of a cavity with Q ∼ 106 with the same accuracy as

our results here (which have not-insignificant errors), the simulation would need a spectral resolution

of ∼ 1.543 × 10−3 nm, which would require the simulation time to be ∼ 750 times as long, ∼ half a

year. As such, the ringdown method of measuring Q is a much more efficient method of measuring Q

factor, especially as Q increases and an even greater degree of spectral resolution is required due to

the decreasing FWHM.

As a result of our analysis, when simulating an optical cavity we strongly recommend using the

ringdown to calculate its Q factor, and would not recommend using the spectrum due to the high

simulation and compute time required to accurately calculate a high Q. We believe the ringdown

method is a more practical technique for calculating the Q factor of a simulated cavity, with a much

shorter simulation time needed for precise results.

6.2.3.4 Simulating the Effect of Loss on Q

Fabricated integrated photonic devices are not perfect, they have random disorder - imperfections

and irregularities in their physical structure caused by manufacturing processes, causing optical loss

and hampering device performance. On the nanoscale, these imperfections are unpredictable, and

are virtually impossible to simulate in FDTD directly as they would require ∼ nm resolution in 3D,

resulting in impractically long simulation times. For example, a resolution of 2 nm would be an increase

in resolution of ∼ 20 times, which, as simulation time scales with dx4, results in a simulation time 104

times as long. With the average simulation time of our cavities being ∼ four hours, this would increase

the simulation time to ∼ 4.5 years. Or, as another example, to decrease the resolution further to 1 nm,

a simulation time of ∼ 73 years would result. However, we present a model for simulating loss in a

PCNC by introducing a material loss via the imaginary refractive index of the material.

To illustrate, start with a plane wave travelling along the x−direction,

E = E0e
i(k.x−ωt),
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which describes the propagation of light in a medium, where wavenumber k = ωn
c , and refractive index

n = nr+ini, where nr and ni are the real and imaginary components of the refractive index, describing

propagation speed (relative to in a vacuum) and attenuation, respectively. This attenuation can be

used as an added decay mechanism in an otherwise perfect cavity structure (perfect in terms of no

losses from imperfections in fabrication) to model how loss affects a cavity. Although we only study

one source of loss, material absorption, there are many others, such as surface roughness of the top

of the nanobeam and the sides, deviations in width and thickness between each mirror segment, and

deviations in etch angle.

To investigate loss in a cavity, we use FDTD to simulate triangular DBR PCNCs with N = 90

mirror periods, with increasing imaginary index ni. This cavity size was chosen as having a balance

between simulation time and a high Q factor of 4420. Figure 6.7a shows the Q factor of the cavity

and its dependency on ni. Q is calculated from the cavity ringdown, and the figures 6.7 also show

error values for Q factor, estimated using the same standard error as before. Q is seen to decrease

exponentially with increasing ni, with the fit in figure 6.7a being an exponential. Figure 6.7a appears

to show Q → 0 as ni → ∞, which is verified by plotting Q against 1/ni in figure 6.7b. The inset of

figure 6.7a shows the decay rate 1/Q as a function of ni, with 1/Q linearly increasing with ni. The

gradient in the inset of figure 6.7a indicates the rate at which energy decays in the cavity as a function

of imaginary index ni, with a value of 0.62, and the intercept represents the loss in a cavity with no

material absorption, 1/Qdesign, which is equal to 2.26× 10−4. Figure 6.8 also shows example spectra

and ringdowns for cavities with increasing ni, further demonstrating the decrease in photon lifetime

and Q with ni.

To analyse these results further and help contextualise them, we again express the total cavity Q

factor as the sum of component decay mechanisms and Qs. In this case, we express Q as

1

Q
=

1

Qdesign
+

1

Qloss
(6.13)

where 1/Qdesign is intrinsic decay rate of the cavity (which we have been calculating thus far, and is

4420 for a cavity of this N value), and 1/Qloss is the decay rate due to the imaginary refractive index

ni. Increasing ni increases the associated decay 1/Qloss, with 1/Qdesign remaining constant.

To contextualise our results, we discuss them in relation to Ref. [109], which estimated the contri-

butions of different physical device imperfections (which they call Qimperfect) on the overall Q factor

of a fabricated silicon 2D photonic crystal cavity, compared to a simulated cavity of the same de-
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Figure 6.7: (a) Q factor against imaginary refractive index ni for triangular DBR cavity, with error
bars. DBR cavities have 90 mirror segments on both sides. Inset shows 1/Q against ni. (b) Q against
1/ni, confirming that Q does go to zero for large values of ni. Note that Q = 4420 at ni = 0 is not
plotted due to the division by 0

.
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Figure 6.8: (a, b, c) Ringdowns and (d, e, f) spectra of PCNC DBRs with varying imaginary refractive
indices of 0, 7.5×10−4 and 2×10−3, respectively, demonstrating the decrease inQ factor with increasing
material absorption.

sign. Their estimations were in good agreement with their experimentally measured Q, Qexp. To

the best of our knowledge, no such investigation exists for a PCNC. Ref. [109] simulated ultra-high

Q > 15, 000, 000 cavities and fabricated them, with a maximum experimental Q in the fabricated

devices of 1, 000, 000, showing that Qexp ≈ Qimperfect (which they estimated to be ≈ 900, 000), and

showing a significant decrease in Q compared to the designed and simulated device. This behaviour

could be partially explained by our results, which show an exponentially decaying Q with a linearly

increasing loss. Ref. [109] also calculated that the decrease in Q resulting from material absorption is

two orders of magnitude smaller than from the largest contributors: the surface roughness of the inner

walls, variation in radii of air holes, and tilt of inner walls of air holes. This suggests that material

absorption will not be the largest contributor to a decreased Q in a fabricated triangular PCNC, and

further work is needed to quantitatively relate these results in ni to losses in a fabricated device, which

we will discuss in our section on future work in the conclusion of this thesis.

In summary, changing the imaginary index ni of the cavity is a simple method of changing the

degree to which light is lost in a PCNC by introducing a new decay mechanism, 1/Qloss, and offers a

convenient description of simulating loss from a cavity which may occur from a variety of sources such

as imperfections in the cavity shape from fabrication, or from material imperfections, which would be

otherwise difficult to simulate.
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6.3 Apodised PCNCs

The triangular cross-section DBR PCNCs we have described thus far have had reasonably high Q

factors of up to ∼ 4000. Whilst Qs of this size are still useful [104], these Qs are not in the high Q

regime of 104 and above which have been demonstrated elsewhere in the literature [102], [104], [107],

[110]. If we are to attempt to obtain Qs in this ultra-high regime with width-modulated triangular

GaN PCNCs, the design must be adjusted.

Apodisation of the cavity mode is a technique of increasing Q by designing a mirror strength (γ)

profile which increases linearly from the centre of the cavity. Such a γ profile results in a gradual

change in the envelope of the cavity mode profile, leading to smaller components of the spatial Fourier

transform spectrum in the leaky region [111]. A Gaussian mode profile along the PCNC has been

shown to decrease loss [111], with Ref. [112] demonstrating that the energy within the light cone (i.e.

radiative loss 1/Qr) was approximately two orders of magnitude smaller in a PCNC with a Gaussian

attenuation profile compared to an exponential. However, the mode profile need not be Gaussian, it

may be a Lorentzian for example [113], but the profile does need to be varied gently. Ref. [112] and

[107] by the same author outline a deterministic approach to designing a high-Q apodised cavity, which

we follow. They describe an approximately linearly increasing γ resulting in a Gaussian mode profile,

with this gradually increasing γ profile being the most important aspect to increasing Q. They also

note that having a spacer layer with length L = 0 minimises mode volume and cavity loss, however

as we are using apodisation to improve the PCNCs cavity designs we already have (described), which

have a half-wavelength spacer layer, we omit this step, and focus on a gradually increasing γ profile.

To design a linearly increasing γ profile, we use the mirror strengths as a function of filling fraction

FF, calculated in figure 6.3. The FF profile used could be from the left side of the peak in figure 6.3,

i.e., an increasing FF, or from the right side of the peak with a decreasing FF, or a combination of

both, so long as the mirror strength increases linearly. For our apodised cavity design, we select the

left side of the peak and an increasing FF profile. The overall periodicity (a1 + a2) of these cavities

has remained the same as the previous DBR PCNCs, at a value of 578 nm. Figure 6.9a shows the

mirror strength profile and figure 6.9b shows the filling fraction profile along the length of this cavity.

A PCNC of this design should have minimal scattering losses between each mirror segment, leading to

a high Q.

However, we find that there appears to be no resonance within the cavity, with the cavity spectra

and E(t) being approximately equal to those of the source pulse. A wide range of apodised cavities
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Figure 6.9: (a) Mirror strength γ and (b) filling fraction (FF) profiles as a function of mirror segment
position, calculated as a ratio of mirror segment index Ni to total number of mirror segments N .
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Figure 6.10: Example (a) spectrum and (b) E(t) of an apodised (N = 20 mirror periods) cavity, which
does not appear to be resonating.

were simulated, with the number of periods N in the cavities ranging from N = 20 to N = 150, in

steps of 10. The spectra and E(t) were found to be independent of N for all values considered, with

an example shown in figure 6.10. Given that other work in the literature [102], [107], [112] has shown

different results to ours presented here and have demonstrated high Qs using a linearly increasing

mirror strength profile, we believe that the design we have used here must be incomplete or incorrect,

and is subject to further work. There is a clear discrepancy between our results and others, which

despite our best efforts of following the outlined design procedure, we were unable to replicate. As

we have followed the design procedure of calculating the mirror strength of DBR mirrors of different

FFs, and creating a linear mirror strength profile from these results, it is not clear where we have gone

wrong. We recognise that Ref. [112] and [107] have used a different form of mirror, electing to use

circular etch holes instead of modulations in nanobeam width, as we have. However, this difference

should be a matter of personal choice, and shouldn’t impact the ability to resonate with an apodised

version of these mirror types; in fact, width-modulated nanobeams are clearly able to resonate at this

wavelength, as we have already demonstrated DBR cavities with a fixed γ profile which do resonate.

6.3.1 Central Spacer Length

The other way our design is different to the described design procedure in Ref. [112] and [107] is that

we have a central half-wavelength cavity spacer layer, which they do not. While they do state that the

length of this spacer layer does effect Q, it should not effect the resonance of the cavity to this degree.

However, with an aim to determine whether this may be the case, we study the effect the length L
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of a central cavity spacer has on this cavity design. We introduced another section of nanobeam of

thickness 765 nm in the centre of the nanobeam, and varied its length between 0 and 600 nm, in steps

of 5 nm. We found varying L in this way had no effect on the lifetime of the cavity, and no resonance

was observed, with the spectra and E(t) of the cavities again resembling the sources (shown in figure

6.10), and being independent of L.

We therefore draw the conclusion that the central cavity region is not the source of the lack of

resonance of our cavity design, and is therefore likely due to the γ profile we have chosen. However, as

we have used a linearly (i.e., gradually) increasing γ as prescribed, more work is needed to determine

the source of lack of resonance. We outline potential avenues of investigation in our suggestions for

future work section, §7.2.

6.4 Very-High Q Cavity

We now evaluate the photon lifetime, the spectral and ringdown techniques for calculating Q factor,

as well as evaluating the effect of loss on Q, for a very-high Q (∼ 100, 000) cavity. As our attempt at

apodisation to increase Q was unsuccessful, these results were produced using a PCNC designed by a

collaborator [114].

Figure 6.11 shows the (a) spectrum and (b) ringdown of such a very-high Q cavity, simulated for

the same length of time as the previous cavities using the FDTD method. The Q calculated using the

spectrum is 781± 233, and using the ringdown is 106000± 6830. This result further demonstrates the

limitations of calculating Q using spectra for the FDTD method, and the usability of the ringdown

method; although the photon lifetime of this cavity is clearly very high, the spectral resolution is not

able to resolve the assumedly very narrow resonance peak (a cavity with aQ factor of 105 and resonating

at 1561 nm as here, would have a FWHM of 0.01561 nm, whereas the FWHM of the spectrum in figure

6.11 a is 1.4 nm).
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Figure 6.11: (a) Spectrum and (b) ringdown of an apodised PCNC DBR cavity designed by [114],
with a fixed period and the apodisation profile defined based on the nanobeam width in each mirror
segment, with mirror strength linearly increasing from the centre of the cavity, and with no central
half-wavelength spacer layer.

6.4.1 Differences in Design

This PCNC design differs from ours in that mirror strength is varied, and apodisation relationship

defined, based on the width of the nanobeam, and not the relative period of each mirror segment

(FF); our design directly changes the phase of the light, whereas this design indirectly changes the

phase using the effective index. This PCNC consists of 30 apodised mirror sections either side, and 50

‘padding’ sections of high γ DBR mirrors to minimise loss into the adjacent feeding waveguide, 1/Qw,

and increase overall Q. This PCNC design is similar in that it consists of alternating width-modulated

layers of GaN, also with a wider nanobeam width of 765 nm, and a narrow nanobeam width of 600 nm.

This cavity was also designed for a wavelength of 1550 nm. This PCNC also differs in the fact that the

central cavity spacer is 765 nm wide, as opposed to 600 nm in ours. The overall periodicity a of the

mirrors is also different, at 510 nm, as opposed to our 578 nm. Their overall periodicity of a = 510 nm

was calculated with the relationship

na =
λ

2
,

and using the index of the wide nanobeam n = 1.52, whereas we calculated the optical path lengths

using both optical path lengths in the mirror segments.
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6.4.2 Simulating the Effect of Loss in a Very-High Q Cavity

We now apply the same technique of evaluating the effect of loss on cavity Q factor as in §6.2.3.4,

using the simulated complex index, but this time in a very-high Q cavity (Q ∼ 100, 000). Figure 6.12a

shows the Q factor of the cavity as a function of imaginary index ni, and figure 6.12b shows the Q

factor as a function of 1/ni. As ni increases, Q decreases approximately exponentially, similarly to

the lower Q cavities. The inset in figure 6.12a shows the overall loss rate 1/Q, which increases linearly

with ni. The intercept of this relationship is 1/Qdesign,∼ 10−5, and the gradient, the rate at which

the loss increases as a function of ni, is equal to 0.98. Figure 6.12b shows the Q factor as a function

of 1/ni, verifying that Q also → 0 as ni → ∞ for this cavity, as before in figure 6.7 in the cavity

with a lower Q. Figure 6.13 also shows example ringdowns and spectra for varying ni values, further

demonstrating the decrease in photon lifetime and Q with ni.

We have now applied our analysis of the effect of loss on a PCNC to a cavity with a high Q,

verifying that the Q of a high Q cavity does decrease exponentially with an increasing imaginary index

ni, and tends to 0 as ni → ∞. As before in §6.2.3.4, as material absorption will likely not be the

largest contributor to a decreased Q in a fabricated triangular PCNC [109], further work is needed to

quantitatively relate these results in ni to losses in a fabricated device, which we will discuss in our

section on future work in the conclusion of this thesis.
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Figure 6.12: (a) Q factor as a function of imaginary refractive index ni. (b) Q factor as a function of
1/ni. Red dashed line extrapolates to Q = 0.
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Figure 6.13: (a, b, c) Ringdowns and (d, e, f) spectra of apodised PCNC DBRs with varying imaginary
refractive indices of 0, 7.5−4 and 2 × 10−3, respectively, demonstrating the decrease in Q factor with
increasing material absorption.

6.5 Summary

We have used FDTD simulations to show how triangular cross-section nanobeams can be used for

width-modulated optical cavities using a distributed Bragg reflector (DBR) design, compatible for

fabrication using angled etching techniques. The mirror strength γ of a DBR mirror for specific

filling fractions (FFs) has been calculated, and has allowed us to optimise our DBR designs for the

maximum mirror strength. Using these optimised DBR cavity designs, we have presented two methods

of calculating the Q factor of a cavity, spectrally and using the ringdown, comparing and contrasting

these two techniques and finding that the ringdown method to be significantly more practical in the

context of simulations, with much higher precision and accuracy compared to calculating Q using

spectra for the same simulation time. We used these two calculation methods to calculate the Q factor

of DBR cavities with varying length, and observed the saturation of Q factor with cavity length. We

have presented a method of analysing loss in a PCNC by varying the simulated imaginary index ni of

the cavity, applying this method to our designed DBR cavities and to higher Q apodised cavities from

a collaborator. We have found that overall Q factor exponentially decays with increasing ni, tending

towards 0, and have analysed the decay rate 1/Q resulting from the imaginary index, and found it to

be linearly dependent on ni. We attempted to apodise our triangular DBRs with a linearly increasing
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FF-dependent γ profile, but were ultimately unable to achieve resonance. Overall, to the best of our

knowledge, we have presented the first study of triangular cross-section GaN PCNCs, and the first

analysis of the effects of imaginary index on Q factor.

93



Chapter 7

Conclusion

7.1 Summary

In this thesis, we have investigated and studied the compound semiconductor gallium nitride (GaN)

for use in integrated photonics at a wavelength of 1550 nm. We have presented relevant theoretical

background related to our research, and provided relevant literature to contextualise our work.

In chapter 4, we simulated and fabricated GaN on sapphire ridge waveguides. We used eigenmode

calculations to investigate the effects that waveguide dimensions have on the effective index of the

waveguide mode, identifying minimum device geometries required for optical confinement, and the

boundaries for a waveguide to become multimode. Although such calculations are perhaps common-

place, they are not available for GaN on sapphire. To the best of our knowledge, we have presented the

first in-depth study of the mode index properties of GaN on sapphire ridge waveguides. Commercially

available 500 nm thick GaN on sapphire was found to have a wide range of widths in this single-mode

regime. Following these simulation-driven designs, GaN on sapphire waveguides were fabricated from

500 nm thick of GaN on a sapphire substrate using a methodology which we have developed, using

conventional fabrication techniques. Nickel was found to be an appropriate etch mask for GaN using

a lift-off process, with a measured upper bound selectivity of 23. The nickel lift-off process was a key

step in the success of fabricating waveguides. Starting with a recipe for etching 2000 nm of GaN, we

found greater process control by using a thinner layer of nickel, going from 150 nm to 30 nm. Using

thinner nickel improved the device yield from ∼ 20% to ∼ 100%. Although the nickel lift-off process

had a high yield, the design transferred to the hard mask had a width greater than the designed
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devices, and waveguide widths should be adjusted by approximately 350 nm to lithographically tune

the dimensions.

In chapter 5, we presented simulation results investigating the capability of GaN triangular cross-

section nanobeams as waveguides, with the eigenmodes of these triangular nanobeams calculated using

FDE simulation. These triangular nanobeams were suspended in air, and featured high optical con-

finement as a result of the air cladding. Equilateral triangular nanobeam waveguides were simulated

with a range of widths, and a width w ≥ 400 nm was needed for modes to be supported in the waveg-

uide. We found that increasing the size of the nanobeams allowed the modes to be better confined

to the waveguide region, with the effective index neff increasing with an increased waveguide width.

We calculated the approximate zero dispersion point of GaN equilateral triangular nanobeam waveg-

uides at 1550 nm to be 765 nm. For all equilateral waveguide widths considered, the fundamental

transverse-electric (TE) and transverse-magnetic (TM) modes were degenerate in neff . We investi-

gated the condition for this degeneracy, and have determined that an equilateral triangle cross-section

is required, with the waveguide becoming birefringent when the cross-section is no longer equilateral,

e.g. is isosceles or scalene. In investigating this, we have also presented the mode characteristics of

triangular nanobeam waveguides with a range of different etch angles and asymmetry. To the best

of our knowledge, this thesis is the first work to describe the degeneracy of TE and TM modes in

triangular nanobeam waveguides. Our waveguide simulations also offered insights into assessing the

fidelity of the operation of a fabricated device compared to a designed device, providing information on

how quickly the effective index changes with deviations away from an equilateral waveguide, in terms

of changing etch angle and asymmetry. The effect an angled substrate has on a waveguide mode was

also simulated, with a small separation (∼ 50 nm) being required for a triangular waveguide to be able

to support an optical mode, for our waveguide design.

In chapter 6, we described 3D FDTD simulations of width-modulated triangular GaN nanobeam

cavities. We outlined a PCNC design which used width-modulated DBR mirrors either side of a

central half-wavelength spacer layer, with mirrors designed to satisfy the Bragg condition. To validate

our design and verify our design satisfied the Bragg condition, we calculated the mirror strength γ

as a function of mirror filling fraction (FF), using the decay envelope of the light in these mirrors.

This result then allowed us to tweak our design to ensure the Bragg condition and maximum mirror

strength was achieved. With this verified DBR PCNC design, we simulated a range of cavities with

varying numbers of mirror segments N either side of the central cavity spacer, i.e. different lengths
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of cavities. We evaluated two methods of calculating the Q factor of these cavities: using the spectra

of the cavities and the ringdowns of the cavities. We determined that as a result of the spectral

resolution of the simulation being of at least a similar magnitude of the spectral FWHM, the spectral

method was not able to accurately calculate Q for any cavities other than those with a low Q (⪆ 400).

This is in contrast to the ringdown method, which we observed to be able to resolve large Qs, with

small estimated errors. We calculated that to be able to calculate the Q of a Q ∼ 4000 cavity using

the spectrum with a similar degree of accuracy to the ringdown method, a simulation time of half a

year, which is prohibitively long. Using the ringdown method, we observed that the Q factor of our

triangular cross-section GaN DBR PCNCs saturates with N , at around N ∼ 90, Q ∼ 4000. This

saturation behaviour is in agreement with the literature, and is explained by describing the overall Q

factor in the cavity as the result of the two associated Q factors and loss mechanisms: the Q into the

nanobeam waveguide out of the cavity, Qwg, which increases exponentially with N , and Qr, the Q

from light radiating out of the nanobeam, which is approximately independent of N - leading to an

overall Q which saturates at ∼ Qr,∼ 4000. We attempted to increase the Q factor of these cavities

beyond the saturation point by employing the method of apodisation in which a gradually increasing

γ profile results in lower losses and a higher Q, however our design failed and did not resonate. In

order to identify the source of the issue, we compared our design to literature and investigated whether

changing the central cavity length L would fix the issue. However, we found no change in the cavity

for 0 ≤ nmL ≤ 600 nm. We therefore concluded there must be a fault with the γ profile, and outline

suggestions for future work in the coming section on future work. We investigated the effects of

optical loss on the Q factor of a PCNC, using the imaginary refractive index ni of the device material

as an analogy for directly simulating loss due to random imperfections in a device, which would be

practically impossible to achieve due to the simulation resources required. We found that Q factor

decreases exponentially with ni. To the best of our knowledge, we have presented the first study of

triangular cross-section GaN PCNCs, and the first analysis of the effects of imaginary index on Q

factor.

7.2 Future Work

The simulations in this thesis were only for one wavelength, 1550 nm. However, a study of the be-

haviour of optical modes in GaN waveguides at multiple different wavelengths could be undertaken to

further develop the understanding of GaN integrated photonics. Both ridge and triangular nanobeam
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waveguides could be simulated at different wavelengths, with the mode properties and the boundaries

of widths and thicknesses at which higher order modes are supported being of interest.

In chapter 4, we have started the process of taking the commercially relevant material of GaN on

sapphire and turning it into usable devices. However, we believe GaN on sapphire waveguides and

PICs should be investigated further. GaN on sapphire PCNCs could be simulated and manufactured

using our eigenmode results to choose suitable waveguide dimensions, and compared to the triangular

PCNCs we have simulated in this thesis; these PCNCs could have mirrors defined by etch holes, or by

modulation in nanobeam width as we have presented. As GaN is non-toxic and bio-compatible [115],

these PCNCs could be used for biomedical sensors [104] in the body. Or, as quantum emitters have

been observed in GaN [106], these cavities could be coupled to colour centres to enhance the emission

of light and could be used for quantum communications and quantum information processing [105].

These device suggestions also apply to GaN triangular nanobeam PICs. Other hard masks could also

be studied in GaN on sapphire device processing, and may be fruitful. For example, the negative-tone

resist HSQ forms a glass when exposed by an electron beam and acts as a hard mask. Using this resist

(or equivalent) would allow the device design to be written directly into the mask, removing the lift-off

process and lead to more direct process control, and quicker fabrication due to fewer fabrication steps.

In order to fully realise the potential of GaN PICs, devices which use GaN’s Pockel’s effect and

nonlinear optical effects should be made. Second harmonic generation could be demonstrated in GaN

on sapphire, like on GaN on silicon in Ref. [36]. The electrical manipulation of light in GaN PICs

could be demonstrated using the Pockel’s effect in circuits with optical switching, fabricating networks

of devices similar to the one simulated in Ref. [68], or the Mach-Zehnder modulator simulated in Ref

[69]. Such devices could be used for optical signal processing, such as in optical interconnects. These

devices could again be demonstrated in a ridge GaN on sapphire platform, or a triangular nanobeam

platform.

The results in chapter 5 of this thesis regarding GaN triangular nanobeams are all results from

simulations. GaN triangular nanobeam waveguides could be fabricated, and the properties of the

fundamental modes e.g. effective index could be measured and compared to the values we have

calculated in this thesis. This type of measurement could be done on a wide range of nanobeams

widths and etch angles, to thoroughly compare them to our simulated values. This type of experiment

could also verify the minimum nanobeam width needed for confinement of 400 nm, the nanobeam

widths at which the nanobeam supports higher modes, and could confirm the degeneracy of the TE
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and TM modes for equilateral cross-section nanobeam waveguides. If we were to fabricate triangular

nanobeams, we would recommend using angled FIB etching with a rotating stage, due to the ease

at which etch angle can be adjusted, and the high degree of etch uniformity. Different geometries of

supporting structures such as conical pads, square, or triangular pads could also be investigated and

compared. Bends in triangular nanobeams could be investigated in a similar way, with the minimum

sizes needed for structural strength balanced with losses. Efficient/minimum bend radii of triangular

nanobeams could also be investigated.

In chapter 6, we have shown through simulations that triangular GaN nanobeams can form PCNCs

with high Qs. As such, they have the potential to create strong light-matter interactions with a small

device footprint. However, there is currently no literature on fabricated triangular GaN PCNCs; the Q

factor of triangular GaN PCNCs could be measured, and compared to our simulation results. To take

this suggestion further, PCNCs could be fabricated with an increasing number of mirror periods N , and

the saturation of Q with N could be measured. The comparison between the value that Q saturates

at in these fabricated devices and the simulation results in this thesis would also give an indication

of the amount of loss caused by fabrication in these devices. Different cavity designs could also be

simulated and fabricated, such as GaN cavities which use holes as mirrors, instead of modulations in

width. A more in-depth investigation into the impact of loss (on Q) in a physical device could also take

place. This would require fabricating a large number of PCNCs, with varying degrees of imperfections

in device geometry systematically implemented. This could be achieved by adding ‘roughness’ to the

mask design of the devices, to varying degrees. By having a systematically increasing roughness and

therefore scattering loss, the Q factor as a function of this loss can be measured, and compared to our

results.

The reason behind the oscillation in Q with N once Q has saturated is not obvious. It would be

interesting to investigate this behaviour further by simulating DBR cavities with smaller intervals in

N around this region, and observe this periodic behaviour in more detail. It would also be interesting

to study the effect of the length of the centre cavity spacer on Q. Ref. [107] simulated different cavity

lengths, but only over a span of 40 nm. We have simulated different cavity lengths in this thesis, but

only for cavities which were not resonating. It would be interesting to see the impact of the central

cavity length on Q over a wider range of lengths, and on a resonating cavity.

As our attempt at apodising of the cavity mode and increasing Q was not successful, this is an

obvious avenue for future work. As we followed the design procedure layed out in Ref. [107], which we
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believe to be sound, a systematic approach to evaluating our design is needed. As we have verified that

the length of the central cavity spacer is not the source of the problem, we believe the γ profile must

likely be the cause. In order to determine the root of the problem with the γ profile, we would start

with the constant γ profile at the Bragg condition that we know achieves resonance with a Q ∼ 4000

(for N ≥ 90) . We would then adjust the mirror profile slightly, perhaps starting with just one change

in FF halfway along the nanobeam, and observe the behaviour of the mode. We would then gradually

adjust the γ profile and observe how this effects the cavity mode. At some point, either gradually or

abruptly, the cavity will stop resonating, and we can analyse this point to determine the cause. Ref.

[107] also states the need for a quadratically tapered filling fraction. Although Ref. [111] and [113]

state that a gradual γ profile is required, and the FF profile need not be Gaussian, it would still be an

avenue worth pursuing, to eliminate this as a cause of our lack of resonance.
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Chapter 8

Appendix

8.1 E-beam Practical User’s Guide/Crash Course

In this section, we will outline the procedure for writing using electron-beam lithography. Although

the lithography process engineer in your cleanroom will give you training, it is still useful to provide

a comprehensive ‘how-to’ guide of what to expect. As this is one of the most technically demanding

(and expensive) tools to use and can be overwhelming, we wish people to be able to make the most

of their time using the tool. Remember, as areas on the sample are being exposed in the order of

nanometers, a high degree of precision, accuracy, and cleanliness is necessary.

Before loading the sample into the load lock (but after mounting onto the carrier), make a small

mark/scratch in the resist on the sample in one of the corners using a (clean) diamond scribe, away

from the intended pattern area. Such a scratch provides features to initially focus on with a similar

depth to the intended write field. Once the sample has been loaded, find the corner the mark/scratch

was made (taking care not to move the beam over the centre of the surface of the sample - stick to

skirting around the edges of the chip) and magnify it to an appropriate degree (a field of view of

around a couple of microns) and focus on it. Once in focus, magnify further and focus again. Repeat

this until a high degree magnification is achieved - roughly until features smaller than 100 nm can be

resolved. If a high resolution is not possible just yet, it may be an issue with astigmatism/stigmation.

The stigmation of the beam (controlled by the appropriately named stigmator - a set of coils which

produce a magnetic field) describes the shape of the beam. A perfect beam would have a Gaussian

profile with circular symmetry, but this is not often found on the first try, and must be adjusted to.
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Figure 8.1: Illustration of beam focusing from reference [116], a tool manufacturer, with (a, b &
c) and without (d, e & f) astigmatism. With astigmatism, overfocus (a) and underfocus (c) blur
in orthogonal directions. Without astigmatism, image blur is isotropic, and not smeared. When
astigmatism is corrected, the image in focus is clearer and more detailed.

To determine the level of stigmation (and therefore the level of correction needed), perform a “focus

wobble” by oscillating the beam in and out of focus (some e-line tools have a focus wobble function to

assist with this). If the stigmation needs correcting, then the image will blur or ‘smear’ in the horizontal

direction, vertical direction, or a mixture of both, seen in the images in figure 8.1, which have been

taken from an equipment manufacturer [116] (for further reading, reference [116] also describes how

the magnetic field in the stigmator is controlled, including schematics). Adjust the horizontal and

vertical stigmation individually to reduce this smearing. Once the smearing has been corrected, focus

the beam again - with any luck, the image is clearer. Repeat this process several times until there is

no smearing in the image with a focus wobble, and the image blurs isotropically when out of focus.

A final beam focus shortly before the write is advised, which can be carried out by using a ‘burn

dot’. By changing the electron beam from an imaging raster scan to a ‘point’ or spot, a small area of

resist can be exposed by the beam. This exposed resist region should be visible using the SEM after

an exposure time of at least ten seconds for the first dot. Once a dot has been ‘burnt’, focus on it until

a high degree of resolution has been achieved. Then, burn another dot close to the first one, this time

for a shorter period of time, approximately five seconds. This dot will likely be smaller than the first

one, as the beam is now better in focus. Increase the beam magnification before focusing if needed.

Repeat this process several times, considering the feature size of the device compared to the size of the
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burn dot. The shape of the burn dot will indicate the shape of the beam that will write your device.

We recommend using burn dots to focus close to the intended device, due to the fact that this resist

will be similar to the resist in the device region. However, do not burn dots in the device region itself,

as this will likely affect the writing.

8.2 When Lift-Off Goes Wrong

Figure 8.2 shows micrographs demonstrating nickel lift-off which has ‘gone wrong’. This figure shows

a range of issues that may occur with a lift-off process. Large sections of the nickel have delaminated

from the GaN in the device regions, with (sections of) waveguides missing from the design/surface,

and these device regions are therefore rendered obselete. Also visible is nickel which should have been

removed by the acetone, but has not - this nickel was both in large pieces, as shown, or as extra

portions of nickel still attached to the waveguide sections - this extra width, when etched, would have

a very large mismatch to the propagating optical mode, and would incur large losses. What can also

be seen by the roughly circular smudges or marks, is residual acetone/IPA left on the sample surface.

This is not likely to be detrimental to the etch, and can be burnt off using an oxygen plasma etch.

The results shown in figure 8.2 were the result of using a PMMA/MMA bilayer for the lift-off, with

150 nm of nickel deposited. Switching to a simpler resist recipe of only PMMA as well as a thinner

layer of nickel (30 nm) helped with the lift-off process, and led to a higher device yield.

8.3 Tips for Nickel Lift-Off

Here are some tips in case the reader is embarking on a nickel lift-off process: soak the chip in warm

(50◦C) acetone for approximately 15 minutes. Then, agitate the chip in the acetone to remove nickel

from the chip. We found that leaving the chip stationary in the acetone for the allotted time (15

minutes) before agitating the chip had better results than agitating from the offset. Examine, and if

nickel is still present, repeat this process. We found that warm acetone was better at removing nickel

than room/ambient temperature acetone. We recommend covering the top of your beaker/dish with

some form of (clean) lid - an upside down dish works, preventing the acetone from evaporating and

keeping the solution warm - the boiling point of acetone is 56◦C [117].
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Figure 8.2: Optical micrographs post-lift-off using PMMA/MMA bilayer recipe. These images show
delamination of devices, nickel not being removed, and residual solvent marks.
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