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doubled every two years for over 50 years, but the eyeawing demand for data processing,
computational performance, and the general advancement of the capabilities of technology has
pushed conventional computing systems, which are limited by the von Neumann bottleneck, to
a digital efficiency wall of performanceOptical signal processing angeural network
architectures present a possible solution to overcoming the limitations of conventional
computing systems, given that computationally heavy FotgpErce computations are trivial in

the optical domain. Spatial light modulators play a ke riol an aloptical system and are
required to perform to a highkgfficient level with the desire to push the dimensions close to

that of microelectronic systems.

Electrooptic modulators, a branch of spatial light modulators, operate on the principletiiea
optical property of a material may be controlled with electrical gating. Indium tin oxide has been
widely identified as a suitable material, due to the plasma dispersion effect exhibited in the
material. Typically, electroptic modulators utilise asilicon platform to operate in this
wavelength range, but in this work, | propose to use a silicon nitride platform and take advantage

of the lowloss operation and highower throughput of the platform.

In this work, | show that a competitive phase modatacan be realised using a me@ide
semiconductor capacitor to modulate the local permittivity in an indium tin oxide layer, the
change in permittivity is overlapped with a guided mode in a silicon nitride waveguide platform
and MachZehnder Interferomater architecture to produce a phase change. have
demonstrated a halfvave voltagdength between 0.5..0Vmm in the visible spectrum,

achieved with a duainode interaction within the modulator.

The simulations and experiments in this work demonstratedapabilities of indium tin oxide

as a material for electroptic modulation, and the suitability of silicon nitride as a platform in
the wider field of spatial light modulators. | also demonstrate that the electrical thickness of the
insulating materialn the capacitor may be reduced without affecting the optical behaviour of

the modulator, as has been hinted to in the literature.
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Chapter Synopsis

This chapter presents an original review of the literatarel introducegshe research project,

inspired by the end of conventional computing systems and the advancements in optical
processorsAdvancements in science are rarely unprompted and are instétad the result of

a need or desire to find the solution to an existing problem. This means that scientific
researchers require a keen eye for observation, a compassionate understanding of the
fundamental physical processes, and the creative imaginatotesign and realise a solution

that benefits society. The research contained in this thesis is no diffefeBtOA S & Q& Ay a
demands for higkspeed data processing and power will already have grown substantially in the
time between when | wrotethis paragraph and when it will be read. Largely conventional
O2YLMziAy3a KIFa 0SSy 3IdzZARSR o0& az22NBQa [Fgx
highlighting the need for new computational architectures and hardwateuromorphic
computing representsa new paradigm for computational systems, specifically speech
recognition, natural language processing, and machine learning systems, where thdéilkdarain
architecture is highly suited. For machine learning systems, an optical processor is highly
desirable Such a system requires the design and implementation of spatial light modulators,

and it is here where | will focus my research.
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I will begin with the observation that drives scientific research, the motivation. Forekearch,

the motivation is the evegrowing demand for data processing, computational performance,
and general advancement of the capabilities of technology. It is estimated that approximately
63% of people use the internet, with 5.32 billion people Maide accessing it through mobile
phones. Google receives 99,000 search requests per second, totalling 8.5 billion requests per
day. They have invested heavily in machine learning algorithms, to increase the efficiency of its
translation tool to 85%. Afficial intelligence (Al) is a key industry, expected to reach a growth
rate of 42% by 2027, with 37% of global organisations employing Al in some capacity. While Al
as a business tool is on the rise, the largest market is currently thedallysemiautomatic car
industry, estimated to be worth $26 billion by 2030. The demand for data processing is so high
because, currently, as a population we generate 2.5kb@tes of data dailyj1]. While the
computer may have had humble beginnings, the rate of demBmmddata has drastically

increased over the rate of performance.

MOMOwvad2 2 NBQa [ | &

In 1965 Gordon Moore published a prediction that the number of transistors of a central
LINPOSaaAy3a dzyAld o/t! 0 ¢2dZ R R2 dzdXA. Bis #ediGioke &SI N&E |
was corrected in 197t state that the number of transistors, i.e., central processing unit (CPU)

scaling, would double every two years, but that the cost of computers would halve at the same

time. Moore predicted that a more powerful computing architecture and more machirgs w

integrated electronic circuits would lead to increased manufacturing capabilities, a higher

demand for semiconductor materials, and an inevitable decrease in production cost.

Moore was specifically referring to integrated electronic circuits with thsird to miniaturise
and increase the capabilities of electronic devices in society. While Moore did predict that the
advancements in integrated electronics could lead to home computers, automated controls for
vehicles, personal portable communications gmoent, and a digital telephone
communications network, it is not possible he could have predicted that his ideas would have

driven the advancement of semiconductor electronics for over 50 years.

While global events, such as the Ce%® pandemic and thencreasing popularity of

cryptocurrencies, have driven the price of semiconductors higher and thus removed the
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stood the test of time. However, all technologicavd®pment eventually reaches an end point

[3].

MOPMPHIIKS 9YR 2F az22NBQa [ ¢

From smart devices that comprise the internet of things (IoT) and harvest small volumes of data,
to facial recognition software that analyses enormous volumes of dataigh speeds, the
growth and variety of data processing applications in everyday life has dramatically increased
over the last 20 years. Manufacturers have, for the most part, dealt with increasing demand for
performance by adding transistors and miniasimg their size, and making minor architectural
enhancements such as increasing cache size and complex dynamic instruction level parallelism

(ILP).
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For the most part, miniaturising the transistor and increasing packing density yielded the
performance gains manufacturers desired because of Dennard scaling, whereby the power
demand of the transistor scaledth size[5]. As nanometric transistors became more prevalent,

CPU speeds stabilised around the 4 GHz rf@§rkand Dennard scaling began to breakdown.
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CPU clock speed is a measure of the number of cycles executed bypeiCsecond, hence the
frequency units, and as such a 4 GHz €& kxecutel billion cycles per second, where multiple
instructions may be handled pe&ycle,or a stringof instructiors may take multiple cycles to
handle.The performance of the CPU istelenined as a combination of its design and speed,

which | will discuss in the next section.

This frequency limjtof approximately 4 GHzyas reached because of power considerations;

driving transistors faster and shipping the data around the circuitdaksproportionally more

power, so the frequency was a compromise between performancecanting also known as

the power wal[7]. The power waltaused the rate of development in single thread performance

to be reduced considerabfy]. Singlethread performance is the amount of work completed by

a program that runs as a single stream of instructions and the time taken to complete these

instructions is then the product of computational speed and number of instructions. Single

thread performance, indicated by the blue dotsRigurel.1, highlights the trend toward the
Fa8YLIW20A0 SYyR 27F a22NBQathrdad perfoAmamdd. RAIAGEE St SOGNER

The semiconductor industry overcame the diminishing returngpénformance scaling by

adopting the integration of multiple cores and processors on the same chip, which came into

effect around 2005. Each core can exploit ILP and thpeadilelism to increase processing

speeds. The breakdown of Dennard scaling limitechumber of simultaneously powered cores

with a fixed power and heat extraction rate. The knackeffect is a phenomenon known as

GREFEN] &aAftAO2y£IX NBFTSNNAYy3I G2 G KptoRhe Qpératigk I G y 203G | f

power due to thermabverload[8].

The onset of the dark silicon phenomenon, and the trends observEdyjirel.1, are indicative

of the fact that digital electronic scalingy R 0& SE(GSy&aArzy a22NBQa fl 63 A&
end. Fundamentally, the end of the scaling can be traced to three bottlenecks in conventional

computing. The first is the powavall discussed here, where scaling a system that no longer

obeys Dennat scaling requires exponentially more expensive and power demanding cooling

systems to prevent system damage. The increased demand on the components of the system

causes a shortened life cycle for components and an increase in computational faults with

operation time [9]. The other bottlenecks are the limit of electronic interconnects and the

energy consumption of digital switchinghich | will discuss nektO].
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The scaling oCPU architectures and innovations in performance are not always matched by
faster memory technologies and memory access techniques. There are two major design
philosophies in conventional computing architectures when discussing how the CPU accesses a

memory unit: the Von Neumann and Harvard architectures.

(a) (b)

CPU CPU

(o= T 0 |=Cled=| 3§ |=E=]

Program and Data Program Data
Memory Memory Memory
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The Von Neumann architecturBigurel.2(a)) comprises a CPU and a memory unit responsible
for all program elements, data, and instructions; whereas the Harvard architeckigeré
1.2(b)) has the memory unit divided into a program memory unit for instructions and a data
memory unit. As the memory unit can only be accessed once per clock cycle, the decision of
which architecture to use is depeedt on the application. Von Neumann architecture require 2
clock cycles per instruction but has the distinct advantage of having program and data
instructions in the same unjiL1]. The Von Neumann architecture is typically used for personal
computing due to the simple and inexpensive desighere the Harvard architecture is more

suited to signal processing and microcontrollers because of the increase in processing speed.

Both the Von Neumann and Harvard architectures suffer the same flaw, which is that the
memory access is reliant on GRidmemory speed, and inevitably this leads to a performance
bottleneck commonly known as the Von Neumann bottleng, or memorywall. The Von
Neumann bottlenek becomes more of an issue with performance and memory capacity scaling
as the system is still fundamentally limited by access speed between the two units. The
bottleneck between CPU and memory leads not only to the reduced dimgdad performance,

but aso to a power density problem in conventional computing systgtk
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and has been consistently doubling every 1.5 years with computational speed for around 50
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efficiency has begun to reach an asymptoteaagfund 10 GMAC/&And has only doubled once

in the last decad¢10]. With current trends predicting the number of IoT devices to reach 50

billion by 2030, the world to produce 463 Eb of data by 202, and the power consumption

2F RFEGF OSYydNXBa G2 NBIOK oo: 27 [16],KtSs newv2 NI RQa Sy S

imperative that the power budget of theomputational systems we use becomes a top priority.

The limit of the capabilities of conventional computing systems, regarding an increase in
performance without the increase of power demand, is allowing a new era of information
technology with researchhifting to neuromorphic architectures and optical transistors, which
are discussed in the next sectioR$gurel.3 shows the speed and efficiency metrics achievable

by conventional electronic systems, shown by the digital and microwave electronics regions, and
the metrics offered by neuromorphic electronics and photonics platforms. The areas are

approximated based on the qualitative traadéfs of each platform by Limet al.[10].
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The emergace of photonic integrated circuits (PICs), which are commonplace in fast ethernet

switches and supercomputers, presents an exciting choice for replacing conventional electrical

36



1.2. Neuromorphic Computing 1. Introduction and Scope

interconnects. Photonic systems offer several advantages over electroniagitra@nsmission,

such as: high bandwidth, high resolution, and high interconnectivity through very high
frequency operation, natively high spatial resolution, and free space operation, respectively
[17]. The key advantage of optical technology is that there is no power penalty in moving data

through the system, a major aénfall in electronic systems leading to the power wall.

Optical interconnects in higherformance computing systems have been considered since the
mid-1980s[18], [19] with a reignition of interest by Benner et §0] almost 2 decades ago.
Optical cabling replacing electrical wiring in supercomputers was used by IBM in the Roadrunner
supercomputerf21], the first petaflopmachine, with 5 Gb/s bitrates per channel. VC3£2]s

[23] and silicon photonicR4]c[26] platforms have been reported @&xeeding50 GB/s bitrates,

with ansilicon photonic modulator systeneportedly exceeding a 100 Gb/s rate on cfgp].

Integration of optical interconnects with microelectronic systems has shown an increase in
efficiency and computation speedubfor optical syems to truly overhaul electronic systems,

the issues leading to the digital efficiency and memory walls also needs to be addressed. High
interconnectivity, on either platform, has the capabilities to overcome the memory wall when
combined with a new, biogyinspired, architecture; but the high bandwidth capabilities of

optical systems, not possible witburely electronic systems, will truly overcome the digital
STFTAOASYyOe glftfd ¢KS I NOKAGSOGdzNT £ OKIy3IS NB
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Neuromorphic computing systems represent a new paradigm of computing systems, namely
GKSANI FoAfAGE G2 08 GFdAKGIE NI GKSNI GKFY RAN.
t S| NJArid ¥am beapplied to speech recognition, natlsaguage processing, and machine

vision applicationf28]. In this section | will outline the foundations of neuromorphic computing,

and the furthe limitations of electronic systems.
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Neuromorphic computing refers to an architecture that resembles the human brain, which can
perform tasks beyond supercomputers for a fraction of the power consumption. There‘are 10

neurons inthe brain operating with a total power of 28, or 230pW per neuron. The brain is
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estimated to operate at MAC/s, and is therefore estimated to operate with an approximate

efficiency of 35x108 MAQs/W [29]. While neural networks tend to use MAC/s as a figure of

merit, it is far more common for conventional computing systems to use flogiimgt

operations per second (FLOP), where 1 FLOP/s is equal to 2 [A@JClisfollows that the human

brain gperates with an efficiency of 8.7xBFLOP/sS/\W 8B C[ ht kak2 0 ® | Sgft Siid t I O
Frontier supercomputer is rated as the fastest -exale supercomputer, achieving 1.102

EFLOP/s while consuming BIW of power. Frontier utilises a combined CPU and graphics

processing unit (GPU) architecture to operate with an efficiency of 6&BBOP/s/W31],

meaning the efficiency of the human brain is five orders of magnitude beyond that of leading
supercompuers. There is clear evidence that distributed processing is a possible solution to the

constraints of conventional computing architectuif@g].

While the brain is, therefore, a natural standard for information processing, it differs greatly

FNRY O2YLMziSNB (@(G2RIeé YR AyaiGdSIR 2LISN}XGSa 2y GAY
receve the spikes and integrate over time, i.e., the spikes contain no other information other
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neuromorphic process, in contrast to the poiig-point memoryprocessor communication

employed by the Von Neumann &itecture, requires many interconnects. The volume of

interconnects requires a significant amount of multicasting and introduces capacitive loads and

radiative problems with electrical link&9]. Spiked neural networks (SNNs) typicafiyploy the

following technigues to overcome the electronic limitations; an ewdmien interchip

encoding technique known as address event representation (AER) to communicate the location

and timing information of sparse neural events, crossbar tdivision multiplexing (TDM) to

transmit and receive signals over a common path through synchronised switches, and packet

switching to transfer small pieces of data across various networks. Despite these techniques,

SNNs can only achieve biological timescaldébe kHz regim§33], [34]
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For neuromorphic processing of higandwidth data in the GH=zgime, lowever, a different
approach to interconnection is required, and photonics holds the answer. While photonics has,
for some time, dominated information transmission, it has been electronics that has
monopolised information transformation. If photonics isfilb the role of computation, a new

architecture is required. Optical waveguides, unlike complementary rogidie-semiconductor
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(CMOS) gates that draw energy when called upon, can passively carry multiplexed signals

through a network.

The concept of optial systems replacing electronics is not new, the limiting factors have been
the physical constraints of optical systems, the limitation of opfiligital interfaces, and the
absence of a robust integration platforf85]. A photonic system built around the use of optical
interconnects would be able to support nonlinear optoelectronic devices with high energy
efficiency and bandwidth, with small latency, thus sidegieg the current electronic

interconnect pitfalls.

There has been a shift in the landscape for photonic chips in recent years, and for good reason,
Figurel.3, reference436], PIC$37], [38] and other optical interconnects research is predicting
an increase in processingpeed by 6 orders of magnitude compared to neuromorphic

electronicq39].

MOH PodKS | NBUOAIf DbSdzNRY

The three elements to a neural network are: the neuron (a set of nonlinear nodes)etiverk
(configurable interconnects), and the learning (information representation). An artificial neuron
is illustrated inFigurel.4. Inputs (x) enter the system wherthey are weighted (w) by the
learning algorithm and summed with a bias (b). The weighted addition is then fed to an

activation function y(x) to produce an output (y).
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Realising this architecture with a photonic neuron presents the potential solution to the limits
of microelectronic computing, where electrical pulses are to be replace by pulses of light. In this
section | will discuss machine learnimgd the requirements for a photonic neuron considering
the design philosophy ifrigure1.4. The interconnecting of neurons, to form a network, is

implied in the form&on of a neural network.
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Conventional computing systems could potentially stay stagnant at current performance levels,
with research aimed at improving reliability and longevity of systems, but there are many
applications for which convemhal computing systems are not adequate. The most prominent
of which is machine learning. With applications in identifying objects in images, transcribing
speech to text, targeting adverts and products at consumers, and much more, machine learning

is a mapr industry on the ris¢40].

Many of the applications discussed above use a class of machine learning knaleepas
learning. Unlike machine learning, which is limited in its ability to process raw data and requires

significant pretreatment, deep learning methods transform raw data into more abstract levels
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that can be processed. The key is that deep learningrdagee not human designed but are

instead learned from a training protocol with engineered feedback on performance.

Deep learning is the ideal tool for image and speech recognition, where it is already
outperforming other machine learning techniquelll]c[44]. The pattern reognition
capabilities are applicable across several industries including security, translation, and driverless

vehicles.

MPHPp/ @Yy PF2f dzea2ylf bSdzaNFE bSie¢
A deep learning architecture is typically a multilayer stack of simple modules, where each
module in thke stack transforms its input to increase the selectivity and invariance of the
representation, thus forming a network. One type of deep network that has proved significantly
easier to train and can be applied to more general purposes Is the convoluteunral metwork
(CNN)45]. A CNN ia type of deep learning model for processing data with a grid pattern, such

as images, and is designed to learn spatial hierarchies of features automatically and adaptively.

A CNN consists of a convolution and pooling layers for feature extraction, atig ecihnected

layer for output classification. The convolution layer is the most computationally taxing process

as the mathematical convolution between the input image and stored training images, known

Fda a1 SNYyStaés Aa LISNF2adltes could be &riywihire ih Mlinpud L2
image[46].
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The computationally heavy kernel function for the convolution of image data can be expressed
as matrix multiplication of the 2D Fourier transform)(of both object(a), A, and the kernel
function (b)in the Fourier domain, B. The inverse Fourier transform)(of the resultant matrix

(C) produces the image convolutiore (Equaton 1.1). The fact that convolutional neural
networks can be expressed as Fourier transforms opens the door for an optical approach where,

in the optical domain, Fourier transforms are easy to perfor
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While the details of neural network architectures, algorithms, and performance metrics are
beyond the scope of this thesis, to summarise this section | will give a brief overview of some of
the CMO$hased neurmorphic chips that are currently at the forefront of neuromorphic
computing. The performance metrics amongst the literature is often quoted in system specific
units, here | have attempted to give fair quotations of the respective metrics, and where
appropriate a comparative measurement of energy consumption per synaptic event, i.e., the

energy required to process one piece of information.

The first for comparison is TrueNortB3], [47], [48] a digital CMOS chip created by IBbNng

1272 applicatiorspecific integated circuits (ASICeh printed circuit board (PCBjonsisting of

one million distributed digital neurons exhibiting spiking behaviour. Each die holds 4096 cores,
with 256 digital neurons per core, and 256 synapses per neuron. Each die consum®s gi2
power, but the true power of TrueNorth comes in stacking 16 die on a chip, which consumes 1
W of power and operates atkHz speed. TrueNorth is reported consuming 28.@er synaptic
event. Neurogrid49] is a chip created at Stanford University, and uses analogue neural circuits
to compute realtime largescale neural simulations using digital spike communication between
neurons. The chip consists of 16 cores containing 65000 neuratadljrtg 1 million neurons.

The 16core chip has an energy consumption oi\3of power, or approximately 15&W per

core. Neurogrid has a reported figure of merit of @lllper event.

Catholic University Louvain demonstrated a digital neuromorphic chipvkras ODIN5S0], a

fully depleted silicoron-insulate (FDSOI) CMOS ¢hifith 256 neurons supporting spidiven
synaptic events implementing neuron dynamics in sequential fashion, and consumidgogb
event. SpiNNakef34], [51k[53] is a massively parallel muttore computing system that
implements neural and synapse models in +#ale built using 18 ARM9 processors, which are

a reducal instruction set computer (RISC) CMOS chip on BGBently, the SpiNNaker node
contains 18 processor cores with 16,000 digital neurons and 16 million synapses, with the single
node consuming W of power. The real power of the SpiNNaker projedhé they aim to
combine 57,000 nodes on a chip to increase the npdtallelism of the system, which is quoted

as consuming 90 kW of power. This is achieved through clever use of instruction, local, and
shared memory, and the transfer of information tlugh the system in packets. The SpiNNaker
project is reported having a 118 per event power consumption, with 2.2%1fstructions per

second per watt (IPS/W).
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BrainScalef54]¢[56] is a neuromorphigvafer-scalechip, utilising a mixed signal ASICs platform

on PCB,combining analog neural circuits and digital spiking mmmication, the same
architecture as Neurogrid. BrainScaleS is, however, unique in that it operates using a spiking
network speedup factor, Fa10%, which means the network operates 10,000 times faster than

the equivalent biological system. BrainScaleSsiste of 48 modules containing 8 cores, with

each core containing 512 neurons, with approximately 14000 synapses per core. BrainScaleS has
a reported power consumption of RV, equivalent to 83V for 16 cores, and operates at B2

spiking frequency. Theue power of BrainScaleS is its scale, the number of cores per module
and synapses per core dwarfs the competition, allowing for a larger data size and simultaneous

processing.

M®dohbLle OF f t N2 OSaaAy3

The limitations of microelectronics have led to the emerggemf optical replacements, and
specifically largescale all optical systems relying on optical interconnects. Specifically, silicon
photonics has emerged as the leading platform due to its combination of low fabrication costs,
electronicphotonic integraton, and CMOS compatibility. Silicon photonics optical interconnects
also offer the key functionality of optical modulation, which can be done directly and is readily
integrated with electronic CMOS driving circuits. Before | discuss the inclusionoof ghigtonic

interconnects, | will first introduce the concept of the coherent optical processor.

MPo PMI KSNBEY (G hLlOFf t NRPOSaa:z

Optical systemsre typically one of two categories:a focused optical system, or an image
processing system. At the basic level,aptical system consists of three components; an input
plane, an output plane, and a set of components between the two planes that transform the
input image (f) into the output image (g). Th output image is related to the input image through

an optical inpulse response function (h), such that
0 "Rt 2 "0 9 Ij dzt v

defines the behaviour of the optical systefor optical image processing systems, the impulse
response function is a close replica of #ternelin the input planeThe convolution of image

and kerne] i.e., the Fourier transform dEquationl1.2 into Equaton 1.1, is computationally
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expensive and throttled by the architecture of a conventionalgessor, this process is trivial in
the optical domainAn optical lens forms the complex twhmensional Fourier transform of a
coherent wave in its back focal plaji]. The phenomenon allows for a two lengotal length
coherent optical processor, illustrated ifigure 1.5, to implement a twedimensional
convolutionbetween a reference kernel and an input image in the complex filterimhgein

the output plane indicates the presence and location of the reference object in the input.scene
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Throughout my research, | have explained the coherent optical processor using the analogy of
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learning without direct input from the engineer into manipulating the raw data.

Consider anachine designed to classify images. First, a large collection of images labelled with

their categories are shown to the machine. In the example shown here, this would be an image

of Wally, shown inFigure1.6(a). Naturally, in a real system, the machine would be shown

multiple images of this character, and scored on how well it categorised the character as Wally.

Equally, it would be shown different charactersar@&&B R ¢St f AF AlG RARYy QG Of I 43

such as those characters shown in the example scendtigiurel.6(b) [58].

44



1.3 Optical Processg 1. Introduction and Scope

(a)
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Once the system has classified theggircharacter, it stores the Fourier transform of the image,

so that when it is shown a scene likgyurel.6(b), it has the reference image (kernel) readly.

input the data, a spatial light modulator (SLM) is located at the input of the 4f optical system,
illuminated by a laser source to modulate the infmtage Assuming the system is then shown

an image of the example scenelyiqurel.7 (a)) and asked to find the character Wally, the
scenery image is transferred to an optical signal and passed through the 4f coherent optical
processor. The Fourier transform of the input image is multiplied by the Fourier transform of the
kernel in Fouriesspace at the complex filter iRigurel.5, where the Fourier transform of the

kernel is projected, before passing through a second lens into real space.

(b)

ﬁfﬂw
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If the character Wally is present in the scene, the only returned information is W#tig scene,
as shown irFigurel.7(b). But, if Wally is not present in the sceiég(irel.8(a)), the returned

information is nothingKigurel.8 (b)).
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(b)
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The binary response from such a system, and the speed at which the convolution can be
performed, highlight the power of the coherent optical prgser. Naturally, in the example |

have shown here, it is extremely easy to find the kernel image.
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But in a scene, such as that kigure1.9(a), even a conventional electronic deep learning
machine would take several seconds to find therelster Wally. The output of the 4f coherent
optical processor is shown Figurel.9(b) and can be calculated several orders of magnitude
faster than conventional sems.The modulators discussed in this thesis serve as a spatial light

modulator for the transfer of electrical data to the optical regimé-igurel.5.

It is apparat that the 4f approach inFigure 1.5 has significant advantages compared to
conventional computing methods, including the speed of light operation and passive image
convolution, but it relies heavily on methods of transferring information from the electrical to
the optical domainAs a singlgurpose functional process, the photonic system can perform at

with a significant speed increase, as well as the increaseigieeify offered by a decrease in
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power consumption, the number of operations achievable per CPU clock cycle may be expressed

as

E6GBN QI o PEEElT & TE 9 lj dzI et2
The 4f approach has the potential to be incredibly powerful. The number of operations per clock
cycle is given biquationl.3, wheren is the image size (proportional to the kernel size k), and
C is a constant in the Fourier transfoff®] of approximate value C = 1/log(2). Considering a
pixel array of 64 x 64, driven by a top spec proce$s0f at 4.8 GHz, yields a number of

operations of 163,840 per processor cycle, where a conveatiengine would work at 1

operation per cycle.
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In 2019 Optalysyfs1] I Yy 2dzy OSR ( KS ¢ 2-Dibcessbi systei Kok miackénLJi A O
intelligence computing. They used the 4f optical processor and a deep learning framework to
form a convolutional neural network architecture. Optalysys utilise spatial light modulators as
the interface between electronic and optical domain, and CMOS casensors as illustrated

in Figurel.5. Their FT:X system operates approximately 30 times faster thanctabe-art
graphics cards, for liklor-like tasks, operamg at only a quarter of the power. While
commercially available SLMs can provide fine control of phase or amplitude of light, over a high
resolution array of pixels (on the megapixel order) through the modulation of a coherent light
source, most operate ith a frame rate in the Hz kHz rangd62]. Wang et al[63] report the

use of a 4f optical processing system utilising a SLM to migdaeinput signal to interfere with

a radar (microwave) signal for analysis. Their system reports a modulation speettnf BBis
performance limitation of digital SLMs provides an opportunity for the introduction of-high

speed lowpower photonic modultors, which are discussed in the next section.
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An optical modulator is a device used to modulate propagating light in either free space or an
optical waveguide by altering the amplitude, phase, or polarisation of théentlight. The field
is extensive, so to narrow the parameter space further, we consider the detector of such a

system measuring a change in incident intensity, i.e., amplitude modulation that can be achieved
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between two paths of a coherent system, since this is practically achievable using a

photodetector.

Amongst the literature, optical modulation has been achieved through electrical gating (electro
optic moddation) or thermaidgating (thermosoptic modulation), with the former preferable

due to the relatively slow response rate and hygbwer consumption of thermaptic
modulators. The electroptic effect is typically achieved through the Pockels and Keramwier
density effectg64], [65] Electreoptic modulators (EOMS) inherently rely on the interaction
strength between the signal and the modulation mateiial,, the lightmatter interaction (LMI).

The key to an ultrafast, compact, and povedficient EOM is to increase the LMI to allow for a
reduction in device size (L) and the driving voltage (V). The LMI can be increased, for instance,
by increasing theoverlap @) of a waveguide mode with the material responsible for the
modulation. For a modulator that induces an intensity change through a phase shift, this is
represented as the product of the voltage required to obtainphase shift and the modulator

length, known as the halvave voltage length ().
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The Pockels and Kerr effects are well established modulation mechanisms in the field, with the
effects used primarily in lithium niobate (LiN)®Dased phase modulator designs, though this
can easily be represented as an intensity modulation in an interferometric system layout. Both
effects are an electric field induced refractive index change, where the Pockels effect is an
anisotropic effect prportional to the electric field and he Kerr effect is a seconder electric

field effect[17].

Janner and Tulli et d66] demonstrated a lithium niobatdased phase modulator with a Mach

Zehnder design layout operating with a haifive voltagedngth of 800,000 ¥m. Wang et al.

[67] report a thin film lithium niobate on insulator modulator with a figure of merit of 36,000

+>Y® | dzi [@8Hrepbriia slibiikimetre hybrid silicorrich nitride and thin film lithium

niobate modulator withahals I @S @2¢ G 3S t Sy3GdK 2F cT1Innn *£>Y®
typically have a small footprint, but suffer from a relatively large power consumptharg t

decreasing their efficiency.

The primary focus of this research, however, is carrier effect modulators. The carrier effect relies

on the electrostatics of a metalxidesemiconductor (MOS) capacitor, whereby a bias voltage
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can change the carrier conceation in an accumulation/depletion layer of a semiconductor
material. The change in carrier concentration results in a refractive index change, described as

the free carrier plasma dispersion eff¢60].

The Intel groud70] demonstrated the first orchip highspeed modulation on monolithically
integrated silicon with an agrating speed of >1 GHz, opening the door for silicon photonics in
the field of electreoptic modulation. The modulator consists of adpped polysilicon rib
waveguide separated from anrdoped crystalline silicon layer by a 12 nm oxide layer. A positive
bias voltage is applied to the polysilicon waveguide, a thin layer of charge accumulates on both
side of the oxide layer, modulating the refractive index of the silicon. Other examples of SiP EO
modulators include an integration with Maetehnder interferoreter (MZI) (sectior2.5.1) [71]

and micrering structureg72]. Recent advances in the field of silicon EO modulators in¢liude

et al. [70] who report a silicorbased metabxide-semiconductor (MOS) capacitor modulator

with 80000 \#m performance.

The restricting factor of SiP phase modulators is power consumption. Generally, increasing the
capacitance of the modulator reduces the power consumptas a lower drive voltage is
required for the same carrier accumulation. However, this results in a greater space charge
region, and overall higher dopant concentrations, which increases the overall insertion loss of
the waveguide, and so there is a tedff between phase shift efficiency and insertion losses.
One might assume that simply increasing the input power would allow for improved efficiency
due to a decreased effect of the insertion losses, but as will be discussed in $ttibsilicon

experiences nonlinearities at high throughput powgf3].
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Enhancement of the silicon platform to incorporate surface plasmon polaritons (SPPs) has
attracted a lot of attention in the field in recent yedi&)], [74], [75]as the principle serves to
overcome the intrinsic losses involved with higher phakit efficiency of silicofbased carrier
modulation. SPPs are optical waves that propagate at tterface between a metal and a
dielectric.Below the plasma frequency of the metal, the real component of its permittivity is
negative and can be very large values far below the plasma frequasdie frequency of the

input signal approaches the plasmdlB Ij dzSy 0 2F (GKS YSalfx GKS
permittivty RS ONB I 4 S& | yR A a 2 péudgttdvity.(me dispersion 6f e PR St S C

diverges with the wave numbergsuling in very large wave numberandthe group velocities
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at the intefacetend to zero due to the derivative relationship to the wave numbére large
wave numbers and small group velocities are combined witlergg short evanescent decay

length of the light in the dielectric.

Consequently, SPPs are able to dramaticalliuce the effective mode area, thus reducing the
required volume in which the refractive index needs to be changed whilst maintaining a large
mode overlap[76]. New device concepts have emerged by implementing a highly doped
transparent conductive oxide in place of the metal layer, in which modification of the free
carrier concentration shifts the plasma resonance and further enhances the efficienbg of t
tuning mechanism. Indium tin oxide (ITO) is a highly promising material in thd7gtd80],

and it is here where this research focuses.

Real performance gains have been seen with the switch to ITO, as shown by AmifT4} al.
[77]who have demonstrated the capabidis of an ITO and aluminium oxide MOS capacitor atop
a silicon waveguide, with a reported figure of merit of 52ml The dramatic increase in
performance has highlighted the need for an I6&ed modulator, with further improvements
lying in reducing ovethbinsertion loss, i.e., moving beyond the silicon platform, as is proposed

in this research.

~
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In the wider field of all optical processing systems, Shen d84].present an optical neural
network (ONN) utilising 56 Maefehnder interferometergsection2.5.1) on a silicon waveguide
platform. The modulation technique used isS®thermo-optic modulation of the silicon
platform. The authors report aoperating speed in the GHz regime and aril per modulator
operating power demand, though they also report that thermal c#adls between modulators
contributes largely to photodetection errors. Bueno et 2] demonstrate a 2025 node
photonic neural network operating at approximatelyHz, and report that their biggest setback

is currently the update speed of their SLMs, suggesting that¢pgled EO modulators could
yield significant perfanance gains. Cheng et §#83] report an all optical reservoir computing
neural network with a maximum 10 W power consumption, operating at the telecommunication

wavelength of 155@m, and thus utilising a silicon platform.
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The core research question of this thesis is: can we develop a new, highly efficient;ltasedr

electro-optic modulator platform suitable for largecale coherent optical processors?

The concern with the silicon platform is thatstunsuitable for higithroughput optical systems,

and the increased insertion losses at wavelengths lower than the typical telecommunications
wavelength of 155@m places restrictions on the system that are not necessary. We propose a
silicon nitride wavguide platform as a more suitable prospect given the low loss through the
visible and infrared spectrum[84] and the higher available throughput power making it far
more suited to largescale systems. As silicon nitride does not exhibit carrier accumulation under
electrical gating, the modulation technigue is through carrier accuranan indium tin oxide,

thus changing a local refractive index and the effective index of the waveguide mode. There are,
naturally, several smaller research goals that are covered in this thesis, and these are outline

here along with the overall scope thfe thesis.

Chapter 2provides the background theory and information for my research, specifically the
optical background for guiding and manipulating light and the governing physics behind metal
oxide-semiconductor capacitors. The smaller research quadliscussed in this chapter is how

to accurately determine the capacitance of a highly degenerate semiconductor such as indium

tin oxide.

Chapter 3provides information on how | designed and simulated my modulator structures to
obtain the fabrication dimesions required to achieve my research goals. Here | discuss how
valuable simulation data can be and how it can be used to reduce fabrication time. The smaller
research question in this chapter is how simulation data may be applied to real fabrication

techniques, and why it is important to consider the fabrication tolerances prior to simulation.

Chapter 4details a collaborative research goal to characterise the dependency of the optical
and electrical properties of indium tin oxide on the oxygen conceminatif the material. In this
chapter | present a novel approach to the characterisation of the material that is not discussed
in the literature. The approach discussed here is necessitated by the overuse of assumed

literature values.

Chapter 5contains therelevant fabrication techniques and parameters used to create the

modulators discussed in this research. Here | discuss my fabrication choices and provide a
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detailed schematic of how the structure comes together. The smaller research goal outlined in

this chapter is the development of a fabrication protocol.

In Chapter 6l use the characterisation method for indium tin oxide discussed in chapter 4 and
apply it to the indium tin oxide used in my modulators to obtain the optical and electrical
properties of he semiconductor layer in the capacitor. Using this information, | then
characterise the capacitor and predict its performance metrics. In this section, | answer a wide
literature question of the potential for metal/semiconductor penetration into the oXwlger of

the capacitor and detail my findings.

In Chapter 71 present amplitude and phase modulation results and the details of the optical
setup used to obtain them. | also discuss an unpredicted phenomenon encountered during my

research.

In Chapter 8 | summarise my research and determine if the research question has been
answered. | will discuss, critically, how | have developed and how the project could be improved,

whilst giving an outlook to the future of the field.
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Chapter Synopsis

This chapter presents the textbook analysis of the background theory required and referenced
throughout this thesislt contains the relevant theory for describing light in fiEace, periodic
structures, resonant gratings, and slab waveguides. | also outline how the optical modulation
can be achieved and measured, with specific refereneeabal analysis efthe space charge
region in a gated metadxide-semiconductor structureSpecifically, | will focus ¢hdiscussion

on ITGbased modulators, which have demonstrated their capabilities in the literature in recent
years, with many authors utilising the material for phase modulation applications in the
telecommunications regime. Before | get into designingritating, and characterising my own
modulators, | will detail the background of ITO modulators and the theory on which many of the
models, predictions, and calculations in this thesis are builiTtwe. chapter culminates with an
analytical model for the redicted performance of the modulators discussed in this thesis, and
a comparison to a literature device. The analytical meded implemented in python in original
code, with reference to a textbook derivation. |1 would like to acknowledge Dr George Duffet

for his assistance in developing this model with me.
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HOMEPSEONROAY I [ AIKU

It is conventional for a discussion of the classical description of electromagnetic fields to begin

gAGK alEgSttQa SldddAazyas | yR a2 dlildiscssst 6 KSNB L
the manipulation of light in both waveguide structures and photonic crystals; therefore, in this

section | will discuss how light can be guided in these structures, before moving to an application
aSGGAY3 FTYR K2¢ 6S oy dzasS al EgStfQa Sldz GA
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Light, considered as a propagating plane electromagnetic wave, consists of an oscillating electric
and magnetic field, where the fields are in phase and orthogonal to each other and the
propagation direction, described by thveave vector K). The magnitude of the wave vector is
given as a function of the waveleng# {n Equation2.1. All macroscopic electromagnetism is

governed by the for Maxwell equations.

9 Ij dzi wde
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The four Maxwell equationgEquation2.2 and Equation2.3) describe the relationship between

the electric field E), magnetic fieldH)), displaement field D), and magnetic induced field)

with freecharge’) and currentd RSy aAidASad ! FdzZA t GNBIFIGYSyd 2F all
with respect to periodic structures, is given by Joannopoulos ef8&l. Typically, for the

description of light propagating in a dielectric structure, we make certain assumptions to

AAYLX AFTe alE¢SttQa Sldd GAz2yad CANBRGfeBe 6S | 4&dzy$S

structure, and that it is free from free charges and currents, i.e.0 andJ= 0.
r o --m | T 9 Ij dzl et

We assume that the field strengths are small enough so that we can opetatelinear regime,
and the nonlinear effects that arise from the displacement field relationship to the electric and
magnetic fields can be ignored, and that the materials are macroscopic and isotropic. This means

that the electric and displacement fieldse related through the vacuum permittivityof and a
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Similarly, themagnetic induction field is related to the magnetic field through the vacuum
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Finally, we assume that there are no explicit material dispersion effects, i.e., the dielectric
constant is not frequency dependent but instead, assumes an appropriate value for the
frequency range of interest; and we assume that it is real and positive,tlee material is
therefore transparent. With all these assumptions, the Maxwell equations can be represented
by Equation2.5 and Equation2.6. These equations form the basis for electromagnetic theory,
of particular interest are the curl equations, which indicate that electromagnetic waves do not
need a medium through which to gpagate.

- T_IF 9 lj dzi w2
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known vector identities, they can be decoupled to yield seeondorder equation Equation
2786 Fftaz2 1y2¢6y a GKS agl @S Sldzr GA2yE€d ¢ KA :
velocitypfif™ s i.e., the speed of light in a vacuuni 8x1Fms?.
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When light propagates through a dielectric material, the atoms are polarised and magnetised in
response to the oscillating fields within the material, and in turn create their own fields. The
result is a single wave with its own velocity, and the only gkan the Maxwell equations is to
replaceandsog A G K > | yR s d ¢KS LINRBLI AFGA2Yy @St 20A0
given byEquation2.8. The refractive index, n, acts as a velocity scaling factor and describes how
the velocity is reduced compared to the vacuum propagation velocity. For the transparent non

magnetic dielectric materials discussed here, refractive index can be approxinssted - .
s o F»Q h 7 30 3 »>Q 9| dz wt2
Exploiting all the Maxwell equation assumptions, the temporal (t) and sp&fisdrns can be

separated ancEquation28 Ol y 65 SELINB &4 SR EqgaationZoldésdfideg A O Y
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these harmonic modes, where the result is a spatial mode profile multiplied by a complex

exponential with angular frequency ). This allows the spatial mode profiles to be cal@adat

o0& GNBlIGAy3a alEgSttQa Sldadrzya +a 'y SA3aSygl t dzS
are the eigenfunctions of the system and the angular frequencies are the corresponding

eigenvalueg87].
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The origin of the harmonic medsolutions to the Maxwell equations becomes apparent when
we look closer at how light behaves in an optical waveguide, a structure used to confine and
guide light through the principle of total internal reflection (TIR). The most common optical
waveguideis the optical fibre, which usually has a circular cross section and visible cladding
around the waveguide to protect the delicate structure and maintain TIR. However, in the field
of integrated optics, it is often planar structures such as thin film guadevaveguide strips that

are used, and it is here that | will focus my discussion.
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The basic optical waveguide consists of a core material, in which the light is confined,
surrounded by a cladding layer, as illustratedrigure2.1(a). The cladding layerdgmrmay be air
in some cases, but for the light to be guided in the core material, the refractive ingex@st

be higher than that bthe cladding layer, as illustrated figure2.1(b).

EAT ® ¢h OEL ¢ OEd & 9 lj dzI w#®n
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2.1 Describing Light 2. Background and Theory

The condition for TIR at the centadding interface is given as a function of the refractive indices
(m and ry) and the internal reflection angle ), which in turn is related to the incident anglé (

as shown irequation2.10.

— OET ¢ & k—h —e & & 9 lj dzi wxen

Equation2.11 can be used to determine the limit of the incident anglg)( known as the critical
angle. This denotthe maximum angle at which light may be coupled into the waveguide and
0S TFdAfeé& 3TFdARSR (GKNRdJAK ¢Lw FyR A& 2FGSy NB

waveguide.
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The relative refractive index differencg)( commonly expressed as a percentage, is related to
the numerical aperture as detailed Equation2.12 [88]. It should be noted, however, that the
acceptance angle is discrete, and eaa$sociated mode can be determined through the

following analysis.

Consider the waveguide mode illustratedRigure2.1, propagating in the-direction with an

inclingion angle () with perpendicular phase fronts. We know that the wave velocity is given

08 GKS @I Odzdzy ¢ @St Sy 3 ard weékaaolv the wake véctorSnaghzutlS A y
is given byEquation2.1.

Y

CAIwWeNB[ AIK{G NIXeéa FyR GKSANI LKIFAaAS FTNRyida Ay |y 2Lk

57



2. Background and Theory 2.1 Describing Light
I @ ATOh I @ OE{ 9 |j dzI w&Ro

Such a scenario is illustratedfigure2.2® ! & GKS g1 @S A& aAydzaz2ARIEX S
[89]to represent the propagation constants that determine the light ray vectot) (Hihe zand
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adjust our expression for an electromagnetic wagation2.9), for the case where it is

LINR LJ 3 G Ay 3 ¢ AEGUation2.1402y aidl ya 1 G2
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Let us consider the phase difference between the two light rays on the same plane illustrated in
Figure2.2 as |PQ| and |RS|. Despite the extra comadding reflectias experienced by ray RS,
0KS 2LWGAO0IE LI GKa 2F GKS Gg2 NIreéa akKz2dzZ R RAFTFSNI o

front.
‘ . P Sed B qd 9 lj dzI wsep
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The distance between points P and Q, and R and S, can be expressedfqusitign2.16 and
the phase () matching condition then becomésjuation2.17, where m is an integer.
Co oaoa OF 9 9 lj dzl eRen

Combiningequation2.16, Equation2.17, and the Goo$4énchen[90] shift, yields the condition

for propagation angle.() shown inEquation2.17. This shows that the propagion angle of a

light ray is discrete and is determined by the waveguide structure and the wavelength of incident

light [91]. The optical field distribution that satisfies the phasatching condition oEquation

2.17is called the mode. The allowed value of thegrap G A2y O2yaidlyd i A& Ifaz
denoted as an eigenvalue. The mode with the minimum internal reflection angle occurs at m=0

and is known as the fundamental mode, with higher order modes thus having larger internal

reflection angles.
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To this point | have only considered a homogenous medium, where the harmonic solutions to
the wave equations are plane waves and the permittiifyHas been considered only as the

real componenty) of the refractive indexn).

E - Q - ¢ Q0 9 1j dzi ey

While the use of complex materialEquation2.18) is reserved for later sections, a special case

for solving the wave equations arises when we consider a spatial distribution of the permittivity
with a period (a) of comparable size to thetarial wavelength of light; it is this structure that

I will discuss here. Such a structure is known as a photonic crystal, and may have a periodic
permittivity in one, two-, or threedimensions. For simplicity and relevance to this work, | will

only corsider a photonic crystal with periodic permittivity in one dimension.
i R éﬂ »Q B> 9 |j dzI e#2d

. £ 2 OK Qa [97] &tefe’® & When the permittivity is periodic, the spatial mode profiles
(E(r)) can be expressed as a plane wave with an amplitude modulated by a fun{Qpwith
the same periodicity as the permittivity, as detailecEguation2.19[93].
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The Bloch states given Bguation2.19 are distinguished by theirkector but can be expressed
using a grating vectoid), which is a function of the grating period (a). This leadsdoation
2.21, an expression for a plane wave coupling to the Bloch modes in a periodic structure by

adding integer multiples (m) of the grating vector to iheident kvector.

59



2. Background and Theory 2.1 Describing Light

i
9

v Yay. | 2 BN

¢ Q<=

CAJwaMBLEf dzaGNF a2y 2F | (G8LAOFE M5 LISNA2RAO adNHzOG dzZNB
AYRAOI GSR®

This means that the incident wave splits into diffraction orders, each with their evattors

as illustrated irFigure2.3, a diagram of the typical 1D periodicigtture used in this work. Light

is incident on the grating from below, with aviector (k.c), through the substrate material {n

at normal incidence. The gratingg{rand cover () indices are marked, with the grating having

a thickness ), period (a) and ridge width (ff*a), where the fill factor (ff) is a percentage of the

period. There are diffracted modes and a guided mode as illustratédgure2.3, with the

diffraction orders individually marked with their order up to, but not limited toxg&®.

Qs Q a@ a Eh ¢h phiph 9 lj dzl eeen
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The wave vector describes the propagation of the wave, and we can impose field boundary
conditions and the conservation of momentum to dictate the phasching condition in the

direction of the periodicity (x) Equation2.22). Substituting more suitable values for the k

vectors and introducing an electric field weighted average refractive indgk khown as the
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| have used m and’ irc to indicate the diffraction anglef the ni" order mode and the incident

light respectivelya represents the grating period, and refers to the vacuum wavelength of

the incident light{94]. It has been shown that the effective grating index can be approximated

from the grating parameterf87], but a more irdepth analysis is beyond the scope of this thesis.
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Permittivity is simply the ratio of electrdisplacement to the electric field in a material, i.e., it
describes the opposition a material provides against an electric field. The permittivity is a
representation, then, of how electric fields propagate through a material, and hence the
relationship letween permittivity and refractive index becomes apparent. It follows that the
permittivity of a material is dispersive with respect to the electric field strength, and it is
commonplace to plot the dispersive permittivity as a function of incident wawgtleror

frequency.

For this work, the permittivity of the dielectric (insulating) materials has been well studied and
characterised in the literatur@4], [95], [96] but the problem becomes more complex when
considering metallic films, such as indium tin oxide. Here, the permittivity is strongly linked to
0KS YL G stod ledpddse toSHe Blectric field, and electron behaviour in solids is not
trivial. In metallic materials, the intraband and interband transitions from the free and bound
electrons, respectively, contribute to the permittivity and can be modelled bysidal forces

actingon anegativelychargdd & 2F St SOUNRyad ¢KAa YIRSt Aa
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The Drude modgP8] is an application of kinetic theory and aims to link electron motion to a
O2y RdzOG 2 NRa YI ONER & O2ditolel was akiSnddd byt LoredidBvhaSinkidA S & d
the periodic motion of electrons to the current density equation derived by Drude to yield a
permittivity [99]. To derive the Drudeorentz equation, we first must make some assumptions;

firstly, that the conduction electrons are free to move against a background of positive ion cores

and have a mass m*, an adjusted value based on their maédween the ion cores. We assume

that the electrons collide with the ion coreand other electronswith a frequency 1),

proportional to their velocity &k R X ¢ KA OK RIFYLA GKSANI 2a0Aff I
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proportional to their mass and acceleration (nm?x(tit).
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If we assume that the electric field has a tiin@rmonic dependence as givenkauation2.9,
GKSY GKS RSAONARLIIAZ2Y 2 FEqinkoR2.24 Wheré ¢ risRegetatheY 2 G A 2 Y
elementary charg¢79]. The most convenient way to sol#&guation2.24 is to consider it as a

function of frequency.

Q ndl 9 |j dzI wt2p
IR

The timeharmonic electric field has a solution of the fosm e 'Q | which yields the general

o]

solution for the equations of motion, shown Eguation2.25. Now that we have this solution,
we can find the susceptibility and conductitelationships and derive the permittivity

equation.
I '@ -25 A 9 Ij dzt R0

If we assume that the electrons do not interact with each other, the polarisation de3itg (
given as dunction of the electron density (n) and has a linear relationship to the susceptibility
(-) and the permittivity of free spacesd), shown inEquation2.26. The suseptibility is the

component of the permittivity that is frequency dependent and is giveitpyation2.27.

] 9 1|j dzI m#2n
o —
1 Qi3
£Q 9 |j dzl ety
] =
- a

Here we have incorporated the electron charge, charge density, and electron mass into a
parameter known as thelasma frequency-(;?), shown inEquation2.28. Now we have a

function of the relative permittivity of the materia#{, given inEquation2.29.

] 9 lj dzl wted
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current density j), which is proportional to the velocity of the electrons and the material
conductivity {) (Equation2.30).
-1 Fl 9 |j dzI mt2n

‘.Q’Q' Q
€ 90 ] Qs w1 [F]

62



2.3. Resonant Gratings 2. Background and Theory

a1 ] 9 |j dzI m2n
£ - - - —_—
Q 1 Q3

This leads to the general permittivity equatidiguation2.31) for the DrudeLorentz model with
the additional contributions fromhe ion cores manifesting as an offset in permittivity known as
0KS GKAIK FNBI dzS[OOI02DSNXAGGAGAGRE 6

£] -1 Q1 9 |j dzI wb2H

1 3 9 |j dzI m®20

- '| -

Using the complex permittivity relationshifcduation2.32), it becomes clear that the real
component of the permittivityy;) is dominated by the electrical response of the material in an
electric field, and the imaginary componeHf)(i.e.,that which contribute to the absorption of

the material, is dominated by the collision frequency, and therefore the electron density. | have
used the Drudd.orentz model for permittivityabove the plasma frequency, where the Drude
model is valid for the ntarial, throughout this work to characterise the optical response of thin

film indium tin oxide in an electric field and have gone into more detaihapter4.

HbPowB aAZ2Y Il YU DN)Yoay3Ia

While resonant gratings are only a tool used in this work to further understand the
characteristics of thin film indium tin oxidsection4.6), it would be remiss of me not to discuss
the theory of guideemode resonancén highcontrast gratinggo further the understanding in

this thesis.Highcontrast gratings allow for a higher reflectivity and quality factor in their
resonance, hence the inclios in this work as a characterisation tobllere | will briefly discuss
the principle of guidednode resonances, and how the grating parameters can affect the
resultant optical response. The operation of these structures is derived from the theory

discussd insection2.1.3

Hdo dVvDIZA RERS wSaz2yl yOSa

Guidedmodes resonances (GMRs) are supported by a grating when the grating layer also
operates as the waveguiding layélere | will refer td-igure2.3 in my description of the grating.
The gratings can be designed to exhibit arbitrarily narrow resonance linewidths or complete

reflectance/transmittance by tuning the refractive index contrast between the grating and cover
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2. Background and Theory 2.3. Resonant Gratings

layers, or the fill factof87]. The resonance wavelength is highly sensitive to the refractive index
contrast between the grating index and cover index, which what makes GMRs useful in this work
as we can use them to reverse engineer the refractive index value from a resonant sespon

(section4.6).

: sEo=— o 9 |j dzI et2n
The resonance in these structures is gamed byEquation2.34, which states that the effective
index of the mode must be higher than the refractive index of the surrounding layer, which |
have assumed toébthe substrate layer iRigure2.3. This condition is a direct result of the Bragg
condition at theboundary between two permittivities, and the solution to the Bloch mode
equation detailed inEquation2.23. The condition ensures that the grating can act like a
waveguide, and support guided modes; like a waveguide, the number of modes it can support
is dictated by the grating thickness)(tThe other condition ifEquation2.34 states that the
grating period (a) must be smaller than the wavelength in the incident material (again indicated
as the substrate layer) but higher than the wavelength of the guided mode. This condition
ensures a strong resonance and is often referredti &S @ ¥ SIORI ¢ [QOB]y RAGA 2 Y

HPo PHhALISNI a2y az2RSa

FromEquation2.34, we can extract the three operating modes of a GMR grating, determined

by the grating thicknessgtand the grating period (a). To demonstrate this, | used a rigorous
coupledwave analysisRCWA) techniquesing an implementatiofy y 2 ¢ Y  [184], wih{cim €

I will discuss in detafsection3.2). | used an indium tin oxide grating#2.0) and a borosilicate

substrate (3=1.46) with air as the cover material£d). The ridge width is determined by a

a0t AYy3 FILOG2NE (1y26y a aFAtt FrOU2NEXZ gKAOK
500nm; this yields a ridge with of 350nm. The grating response is in the transverse electric (TE)
polarisation. The redting resonant response is shownkigure2.4(a), with the three operating

modes
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Diffractive Near-A Sub-A 15

t/a
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The three operating modeshownin Figure2.4 are as follows:

Transmission

Borofloat 33 (Si0,)

Incident

Reflection
Light
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Diffractive: The grating is purely diffractive and generates modes at different angles, observed
by the high reflectivity around 0:0.8 on the xaxis inFigure2.4. This occurs at/a XX ™M dn
(approximately the index of the substrate), as dictated by the grating equdiiquation2.34),

and in this regime it is the FabBerot response of the th film that can be observed igure
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2. Background and Theory 2.3 Resonant Gratings

2.4 by the horizontal light and dark pattern in the reflectandes illustrated irFigure2.5, the
non-zero order modes carry energy away from the grating at different diffraction angles, and as

such there are no high reflectance areas or resonances in the diffraction region.

Transmission

Guided *a

Borofloat 33 [560y)

Incident
Light
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Near< Y¥or this grating there is one mode of high intensity, indicated by the strong
reflectance bar between the green dotted lines Figure2.4. This is a guided mode

resonance, occurringinthe < K I XX Mdc O LIWINRPEAYLF 08t é& G(KS Ay

P

the effective index of the structe), as dictated by the grating equatioBguation2.34),
region. Here we are observing the fundamental mode=(m X, = 0°), with the other
diffractive modes coupling into the grating layer due to a high effective index.
illustrated inFigure2.6, the reflectance within the grating is a resuf the thinfilm
interference with guided mode excitation. The reflectanc€&igure2.4 is a result of the
waveguide thickness beneath the grating, and more guided modes would be visible for

a thicker waveguide layer.
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Transmission

Borofloat 33 (Si0,)

Incident
Reflectio
. f
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Sub< When the grating period is sufficiently small compared to the wavelength, the
GMRoperatesinassb Y2RS>X gKSNB (KS fA3IKG 0SKIF @S
film with the same efctive index, the response is described by the Fresnel equations

in this regime. We observe the sub 2 LIS NI (0 A Yigure 222 RiS <Ayl x 1
(approximately the effective index of the structure) as dictated by the grating equation
(Equation2.34). As illustrated irFigure2.7, in the sub< NI d@nly ¥h& Zereorder mode

can propagate away from the gratingnd we observe the th film effect.

It is clear from the above discussion that the ideal operating mode of the GMR grating is in the
near-<, where the @ order mode exists in the cover and substrate layers, but the higher order
modes are coupled and propagate laterally through the grating layer. The light scatters at each
grating interface, since unlike a normal waveguide, the permittivity is inhomogen&diese
a0FGGSNBR Y2RS&a | NB 270 SHOSKIIOSE GrdIdIBW lighit £ be & & §
coupled out of the grating. When these leaky modes are phase matched td"tbedér mode
propagating through the structure, they produce a strong reflectance or transmittance

response, whichkve observe irFigure2.4 in the near<regime.

Theline shapeof the grating resonance is asymmetric due to the interference between the
slowly-varying thinfilm response of the grating layer and the quickisrying Bragg resonance
of the inplane guided modes. As such, it is common to observe a lirenshapg109], where

the asymmetry is a result of resonant scattering and a backgrauiedsity. Fano resonances

will be discussed in more detail in chapfeil his has been a brief foray into GMR gratings, there
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2. Background and Theory 2.4. Slab Waeguide

is a significant body of literature concerning these structy8sy, [94], [110¢[115], and | have

merely scratched the surface of what is necessary to understand this topic.

Hon{df 6 2 @SITdzA RS

The bulk of this thesis is focused on electromagnetic waves propagating in optical waveguides,
and the manipulation of the waveguide mode. It is with the former trettall begin with. | have
briefly discussed a 2D analysis of the effective index of a waveguide, now | will look at the
derivation of an effective index method for the slab waveguide; a waveguide that is not only
invariant in the direction of propagatiobut also perpendicular to the direction of propagation,

like that illustrated inFigure2.8.

CAIPNBLE f dZAG NI a2y 2F afl o ¢l @SIdZARST f 1 &8SNIYIFGSNAIE AT L
y230S GKIG GKS @ a0ltS Aa arayaUuOlydte f1NABSN (KIFIy GKS
AY @0 t NBRLIARAMNBOWoRYS AYRAOFGSR o6& GKS NBR | NNRgo

In this instance, each layer in considered invariant in both trend ydirection compared to

the supported waveguide mode. While this is an oversimplification, the analysis can be used to

approximate tle waveguide mode propagation through simple numerical analysis.
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HOn dveddziial € SNJ {6 2 gS3dzA RS
The derivation of an analytical model for a midtyer slab waveguide, as illustratedRigure
28 0S3IAya sAGK al EgpdidnzeRda OdzNI Sljdzr A2y & o
F» FP»Q h s » 3 »Q 9 |j dzl we2p

Substituting Equation 2.35 into the curl equations yields two sets of eigenmodes for the
transverse electric (TE) and transverse magnetic (TM) orientatishere e and h are the

electric andmagnetic field components

QQw . . . o~
p— Qe w0 Qw T Qw
0 0 9O & o : o Equation2.36
— — W w
QwQs w Qw Qe

By eliminating the xand zfield components, the eigenmodes yield two second order

differentials shown ifEquation2.36.

0y Q& 7 9|j dzI mt2T

However, because the muliayer slab waveguide consists of several layers with piecewise
refractive index (), we can consider the-kector piecewise () for a layer with thickness.d

The result is the general solati shown in

Equation 2.37, where k and i are the freespace kvector and propagation constant,

respectively.
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2. Background and Theory 2.4. Slab Waveguide

d4=a4'a3
d;=a;-a,

d,=a,-a,

d1=a1'a0

CAdwMB adzAf of F@SNJ atl 0 o RISQaABKRSAYREK aNXEDSBRESI
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A simplistic piecewise illustration of a multilayer slab waveguide is illustratédgime 2.9,

where | have only detailed 4 layers, but one could easily extrapolate ad infinitum. The layer

materials are, for now, not important, but are illustrated as a 2D esagsion ofEquation2.5.

i? P | Q | | Q 0
Y a | Q | | Q 0 _
| R L 9 |j dzI w2y
By applyingppropriate boundary conditions,
Qr® Qf © 9 |j dzI mt2d
XQp @ NQp
Qw Qw

the piecewise eigenmode (
Equation2.37) can be calculated using the matrix equation shown in

Equation2.38[116]¢[118]. This method can be applied to analytical models and is often used by

simulation techniques to yield the effective index#nof a multilayer waveguide. | will use

Equation2.38 (section3.4) to demonstrate the effective index of my waveguide modulators.
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2.5. Optical Modulation 2. Background and Theory

H®phbLle OF £ a2RdzZ I a2y

As discussed in the introductigsection1.3), there are two techniques that can be used to
achieve optical modulation, i.e., phase or absorption. While the mechanism for modulation will
be discussed in the next section of this chapter, it is necessary to discudegtym choices
required for both these techniques. Absorption modulation can be achieved in a straight
through waveguide setup, i.e., a waveguide with an input, a modulator, and an output all in one
path. Phase modulation, however, typically relies onuke of an interferometric setup, where

the interference of a modulated and unmodulated signal creates a measured output. In this
section | will discuss how this can be achieved, and the important considerations therein for the

modulators presented in thigork.

HOp dvadt GKSKY RSNJ LY USNFSNRYSUS

The MachZehnder interferometer (MZI) is a particularly simple optical device used to split a
light beam into two paths using a beam splitter and recombine under the same principle. While
an MZl is typically consideredtiviiree-space optics, the principle can be extended to integrated
optics as it relies on a very simple and walbwn equation.

U =h € =h DLD €Q
0 0

9 |j dzI w®2n

In its simplest form, light travels through a vacuum with a velocity (c) which is given as a distance
travelled (d) in a time (t). Extending our understanding of refractive index (n)Eaumtion2.8,

we know that this velocity scales (c/v) when light is travelling through a medium and, in optics,
the distance travelled by light is referred to as the optical path length (OPL) which can be

expressed as a function ofdldistance (d) as shown Equation2.40.
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As illustrated inFigure2.10, an MZI splits a singular beam of light of wavelengghir(to two

paths (U and D) using a beam splitter. We can consider a phasihdge at each reflection
equal to</2. At detector 1, paths U and D both experience the same number of reflections and
distance travelled through the beam splitter, as such they are in phase, and we get constructive
interference. At detector 2 there is antex distance component for path D, and if we assume

this to be</2, then there is destructive interference and no light is being dete¢id®].

For an ideal MZI, each reflection (and path length difference) contribut#? phase shift and
results in perfect constructive and destructive interference. However, theaegieat body of
research[74], [75], [77], [1204[122] describing the electrical tuning of the phase shift to

producea range of interference responses.
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In integrated optics, the phase shift can be achieved by changing the OPL, and the beam splitting
technique ca be realised via a multhode interferometer (MMI) or a-Yunction waveguideas
illustrated inFigure2.11 where a single input is split into two waveguides and recombined to
one output In this instance, the optical path lengthcisanged on the split waveguide paths.

This design platform disassedfurther in section3.6.

HOp ®HIAK | &S a2RdzZ a2y

Given that a change (modulation) in phase is the desirable effect in optical modulation, we now
need to consider howvhe optical path length can be modulated.change in optical path length,
or the difference (OPDj)s the differenceof the refractive index (n) and distance (d) product

between two paths. The phase ) of thelight is then given as:

W . 000 9 |j dzI RN
ovboegQ €Qh % ¢ — : )

where < is the wavelength of the input lightn integrated optics, a change in phase can be
achieved as a change in the refractive index experienced by the optical mode. The resulting

phase change can be calculated udtagiation2.41.
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Physically, this can be represented as an increase in the distance travelled by the light, a change

in the effective index of the waveguide mode, or a combination of both, as illustratEédjire
2.12 where the system is identical on the left and right side of the blaes] and the optical
path length only changes in the middle of the Mat¢hnder interferometer.

IF v " . .o e 9 |j dzI md20
O O COOwWEYko
|F

The input and output of the interferometer is a singular waveguide, though it is not illustrated

oy

here. Using the principle of superposition, the output electric fi@lg:X can be represented as
shown inEquation2.42, whereE, represents the input electric field; and a are the amplitudes
of the light signals in arms 1 and 2 (tkesre equal to 1 in a lodsss system), and; and ;are
the phases corresponding to the propagation through each, amimere the difference in the

LIJK | & S &ah bejused to calculate the intensity transmission (T), as shofquation2.43.

As the intensity is given as the cosine of iase differenceasti KS (g2 LI GKa |

phase difference, the intensity tends to a minimum
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2.6. Phase Modulation 2. Background and Theory

HOp ®oldda2NLle2y az2Rdz | a2y

So far, | havenly considered a lodgss system, where the modulation is achieved through a
change in the effective refractive indexh In absorption modulation, we consider a material

with loss ().

s ™ Q 9 |j dzI eten
& o | — ] :

The complex refractive index)(of a material is a function of the refractive index (n) and the
extinction coefficient (k), with the latter responsible for the loss of a material, as shown in

Equation2.44. It follows that a waveguide mode experiences both an effective index and an

effective loss (¥, N er), such that an input signal is modulated in intensity (I) as well as in phase.
"0 "0Q 9 |j dzI wep

The intensity of the output signal is given by the Beambert law[123]and is a function of the
input intensity (4), the and the effective absorption length.{d) (Equation2.45).

d: neff, aeff
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Absorption modulation can be achieved, then, either as a s&lode technique as illustrated
in Figure2.13, or by including absorption in the phase modulation clatan in Equation2.41,

taking the effective index as the complex effective index)(

HOCtOKF &S azZ2RdzZ | a2y

While it is possible to achieve phase modulation with angfe in the path length, in this body

of work | will focus on the electrical modulation of the refractive index component of the optical
path lengthdue to the integrated optics aspect of my work, in free space this could be achieved
by changing the physatpath length (d) As discussed ectionl.4the electrical tuning of the
refractive index can be achieved with transparent conductive oxides (TCOs), whemarthkx
permittivity is controlled through the accumulation of carriers as described by the Drude Model.
Of specific interest in this field is indium tin oxide (ITO), which has been shown to have unity

order refractive index modulatiof80] (in a very thin film) through the gated accumulation of
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2. Background and Theory 2.6. Phase Modulation

electrons using a metalxidesemiconductor (MOS) capacitor. Here, | will discuss the MOS

capacitor and present a simplistic model of the achievable accumulated carrier concentrations.

HPc PMA Y RdAzOa A& AY {SYAO2YyRdzO0 2

The electrical conductivity of metals, semiconductors, and insulators can be described
gualitatively in terms of their energy bands. Metals are characterised by very high conductivity,
where the conduction band is either patly filled or overlaps with the valence band, i.e., there

is no bandgap and electrons in the valence band can easily move to the conduction band where
they are free to move around. This makes metals excellent conductors. In contrast, valence
electrons ininsulators form strong bonds between neighbouring atoms that are difficult to
break. This yields a large bandgap and prevents conduction of currents even when the electrons

are given a high thermal or electrical energy.

There are two factors thatre afected by temperature in semiconductor materials, the mobility

of the carriers and theumberof carriers available, though the latter is more dependent on the
doping level (the initial concentration of carrierSemiconductors have a small energy bandgap

of the order of 1eV at room temperature. At a temperature of OK all the electrons are in the
valence band and no conduction may take place, but at room temperature, the thermal energy
represents a sufficient fraction of the bandgap energy such thatkthetrons can get excited

into the conduction band. There are many empty states in the conduction band at room
temperature, so a small appliggbtential can movesomevalence electrons into the conduction

band, thus semiconductors may conduct a moderateani.

Temperature alone only accounts for a small increase in available cardering a
semiconductor is the easiest way to change tuenber of available carriersA semiconductor
that is doped witha group Il element is labelledtppe andis labeled with ntype if the doping
elementis a group V element:tipe semiconductors have majority carriers as holes, aitye
have majority carriers as electrons.degenerate semiconductor is doped to such a high level
that is acts more like a conductand a nordegeneratebehaves more like an insulatdndium

tin oxide, as is discussed in the following sectionsdsgenerate Aype semiconductor.
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The MOS structure is an important type of structure in the world of semicondud®vices,
being at the core of applications such as metsidesemiconductor field effect transistor
(MOSFET]5], [124K[128], chargecoupled devices (CCDg)29]¢[132], and electreoptic
modulators (EOMd)/4], [133], [134] The latter is the focus of this work, where we use ITO as
the semiconductor material. Given that the optical response of a Drude material under an
applied electric field is mainly governed by th&ctronic response within the material, a
comprehensive study of the MOS structure using ITO from an electrostatic perspective is

required.

Fortunately, most of the MOS capacitor theory is identical to that of the MOS diode, which has
been known for decades in the context of the MOSHEB3S], [136] The major consideration for
applying the typical MOSFET analysis to a degenerate semiconductor is the space charge region
width; for nondegenerate semiconductors, this width is on the order of 19, but for

degenerate semiconductors it shrinks to a much lower vale2r{th) [137].

Metal
Insulator

Semiconductor

CA JueNS /BB Oa2y 20FE MRSSY S OR ¥ RdzOG 2 NJ & i NHzO (i dzNB @

An ideal MOS structure consists of three materials; a metal, an ideal insulatdrich we can
neglect charge accumulation and tunnelling, and a semiconductor, as illustraféglire2.14.

For this analysis, we assume that the insulator (oxi@s)a thickness d, the semiconductor layer

is connected to an Ohmic contact, and the voltage (V) is positive when the metal plate is

positively biased with respect to the Ohmic contact.

[135] 9 |j dzI mtec

O
Do kK o o o Q... < (¢}
Furthermore for the ideal MOS structure, the energy difference.d is equal to the difference

between the metal and the semiconductor work functions,&nd s, respectively)and is equal
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to zero at zero applied bias voltage. The work function of the semiconductor, as shown in
Equation2.46, can becalculatedfrom the electron affinity {), the energy dference (- g)
between the Fermi level (Eand the intrinsic Fermi levelJEand theband gap energy {E
where the elementary charge (e) has its usual meaning. Essentially, the structure idbantiat

condition when there is no applietltage.

H®Pc Po{dtdr OS / KI NAS wS3IAz2y

When the ideal MOS structure is biased, three cases may exist at the semiconductor surface:
accumulation, depletion, and inversion. The boundary between accumulation and depletion is
the flat-band voltage and the boundary b&teen depletion and inversion is the threshold
voltage. The flaband voltage is the voltage at which no band bending occurs and the energy
bands are flat. Since thkeands are flat, the electric field is zero everywhere and the hole

concentration is the samas the acceptor concentration, and the charge density is zero.
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Accumulation:For the ptype semiconductg a negative voltage at the metal causes the energy
bands near the semiconductor surface to bend upwasdlustrated irFigure2.15. As no current
flows in an ideaMOS structure, the Fermi level in the semiconductor remains constant. The
bending of the bands causes an increase in the energy differenceR thus yielding an

enhanced concentration of majority carriers (holes fetype).
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Depletion: When a small positive voltage is applied at the metal, the energy bands near the p
type semiconductor surface berdbwnwardas illustrated inFigure2.16. This bending causes

the majority carriers (holes for-fype) to be depleted.
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Inversion:As the positive voltage applied to the metal increases, the energy bands bend further
downward such that the intrinsic Fermi level crosses the Féemel at the semiconductor
surfaceas illustrated inFigure2.17. The positive voltage begins to induce excess negative
carriers (electrons) at the semiconductmsulator interface. The electron concentration is then
larger than the intrinsic carrier concentration)(and the hole concentration is lower tharamd

the surface is inverted.

The above is a description of accumulation and depletion iryp@ semicoxuctor, but the

principle can be applied to antgpe where the positive voltage induces an accumulation of
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electrons, and a negative voltage induces the depletion of electrons. The space charge region

description is applicable in both instances.
0 Q0o 9 |j dzl mt2n

Oncevery strong inversion occurs, the space charge region reaches a maximum width as the

bands are bent downward far enough that a small increase in band bending corresponds to a
very small increase in space charge region width. As such, the charge (Q) per unit area in the
semiconductor layer is proportional to the dopant density (N) and the space charge region width

(w) as shown ifequation2.47 [136].

Hdc dn/dt LI OAGLF YOS

Capacitance is the measure of the ability of a device to store electric chthsgeapacitance
can be calculatedither from the geometry of the conductive plates and the dielectric properties
of the insulator, or from the charge stored as a function of applied electric voliagecan

guantify capacitance as the charge gy unit potential

L N . 0
O =-h o0 - =
W Q

as shown inEquation2.48 or calculate it geometrically using the material dielectric constant

9 lj dzI edRy

(¢ To#) and the area of the smallestectrical contact (A) and the distance between the two
contacts (d)Given that the charge per unit area (®@)yiven by

5 n Q 9 lj dzI edRq

5

we can substituteequation2.48 to express the charge per unit area, editlnensional density
(n2p) as
) 9 |j dzl eE2n
QQ
that we can use to determine the carrier concentration in ITO under an applied gate voltage

1 ¢

[138]. The conversion to a thredimensional carrier density is a simpl&idion by the space
charge region thickness (~a few nm). A mordepth analysis can be fourmd Appendix section
9.2
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MachZehnder modulators have been employed by many authors in the field of eleqttic
phase modulatiorf70], [139K[142]. Né&urally, the figure of merit for such a device is given as a
function of the achievable voltaggependent phase shift (¥, given as the voltage required to
achieve a -phase change, and the length of the modulator (L). This figure of merit has already
been discussed in detaih section1.3.2 but as | have discussed the mechanism for voltage
induced carrier modulation and refractive index modulation in this chagtere | will use our

calculations with literature results.

HOT OMASY OKY I NJ A y23 @ SyFaRERSD | |

| look to Sorger et aJ77]who demonstrated an IT®ased MZM on a silicon platform, operating
at the telecommunication wavelength of 155@m. In their research, they were able to
demonstrate a 0.52/mm figure of merit harnessing the refractive index modulation in a thin

layer of ITO on top of one arm of theaveguide.

500nm
< >
Gold t 10nm
| o

T Alumina t 10nm
A

Silicon 220nm

v
Gold i 10nm
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| began by looking at the carrier (electron) concentration in the accumulation layer, and although

the literature states an accumulation layer thickness &2 @am, the authors here claim arfim
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2. Background and Theory 2.7.1TO for ElectréDptic Modulation

layer.The structure presented by the authors is illustratedrigure2.18 and features a 220 nm

thick silicon waveguide, connected to a gold electrical contact and a 10 nm insulating layer of
aluminium oxide (alumina). The optical modulation is achieved througmm &ccumulation

layer in 10 nm of ITO with a further gold electrical cohtattop. The structure is 500nm wide

and 32 >m long.UsingEquation2.50 and the relevant parameters, | was able to determine a
voltagedependent carrier density ithe 5nm accumulation layer, shown by the red linEigure

2.19, which naturally has a linear relationship.
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The authors claim a free carrieemsity in their ITO of 29x13m3andan y k fpxtdcm3v™.
Our simplistic approximation agrees with their experimental results. Using this carrier density
and Equation2.31, | was then able to determine the materiedfractive indexwithin the
accumulation layer, leading to a local refractive index as shown in bkiguine2.19. Usingthe

material indices and dimensiotistedin [77], and the slab waveguide model in

Equation2.38, | was then able to determine the effective index of the guided modes within the

structure.
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The fundamental waveguide mode is plotted as a function of the gate volt&ggure2.20, and

we can see that there is an approximgteyik n + NB f | (108 RIYVA Kok LdlueiF two

orders of magnitude smaller than the quoted value by the authors. Given that our model of
electronaccumulation predicts the carrier density accurately, a lot of these discrepancies can

be explained by the simplicity of my slab waveguide model and the optimistic interpretation of

the magnitude of the change irefractive index of ITQof unity ordergiven by the authors.

HOT OH5TA 8 ONB LI yOASA Ay (UKS [ Al

This observation leads on to an issue that will be addresseddtion4.3, which is to say that
there are some discrepancies amongst the literature as to the optical properties of ITO, with
many authors determining the complex refractive index using spectral ellipsometry, such as
Sorger et al[77] in the previous section, and then using these to explain the electrical
properties. Some authors, like Feigenbal8@], on the other hand use the electrical properties

to determine the optical. In my kef study above, the latter technique is what | have used. | have
discussed the common discrepancies in the literature surrounding ITO in moreidet@dtion

4.3and set this question as one of the main goals of my research.
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2. Background and Theory 2.7.1TO for Electr@dptic Modulation

The behaviour of the carriers in ITO is not the only question surrounding the behaviour of ITO
MOS capacitors in the literature, with several authors reportemghigher modulation

performanceand efficiencyfrom their modulators. It is commonplace for these authors to

ddz33sSaid GKIFIG GKSNB IINB LAYyK2tSa Ay GKSANI Ayadz |l i

through their insulator layer, thus decreasing the capacitor separation distanaadgroviding

an increase in performance. One such examp[8jis detailed in the supporting information

with little detail given. | therefore note that these papers provide unsubstantiated statements

to explain that their models do at fit their experimental observations, which is highly
dzyal GA&FlI OlG2NEd | &4 &adzOK=Z (KS SEIFYAYylLGA2Y 27F

further question for my research.
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Chapter Synopsis

This chapter presents the material choices and structure desigmsfluenced by the research
32+fa yR aAvydzZliGA2ya RA&AO0OddzaaSR KSNBAyo® . Sye
G2 FlLAt£€Z FyR ¢ A (t&meyttoyl@ribthénile Gdculiate 27y averail Kohcept & O |
is meaningless if the device will never work because the waveguide facet is too rough, the
waveguide is too thin to support a guided mode, or there is an overlap between the metal
contacts and thus noapacitance. Indeed, | was very fortunate to have access to the simulation
and design techniques discussed in this chapter. Here | will digmiskoice of material$ will

use in the modulator, the simulation techniques used in this research to sweampéters and

have an approximation of key dimensions, and the design considerations made allowing for
fabrication and experimental tolerances quickly and inexpensigghecifically, | willliscuss

the FourierModal and FiniteDifference techniques used ttesign and implement the
electro-optic modulators on which this thesis is built. | developed the Fouliedal and

Finite Difference simulations presented in this chapter over multiple years with
inspiration from similar models available in and used redyilaithin the wider research

group. With that in mind, | would like to acknowled@s Christopher Reardon, Dr
George Duffett, Dr Alex Drayton, Dr Manuel Deckart, Dr Kezheng Li, and Samuel Blair for

their assistance developing and refining these models.
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3. Design and Simulation Methods 3.1 Choce of Materials
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The electreoptic modulators in this body of work are planar, built on the idea that light may be
guided and manipulated using an optical waveguide. As detailed in chapter 2, the effective index
of the waveguide mode may be altered usangated semiconductor with an electrically tuned

permittivity, an illustration of this concept is shownRigure3.1.
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There are several choices for the materials that form the mexidle-semiconductor (MOS)
sandwich illustrated ifrigure3.1. The choice of materials has been heavily influenced by the
collective knowledge of the research group, fabrication tolerances and limitations, and

overarchingesearch aims. Here | will summarise and explain my choice for each layer.

odbmdmd dS3IdzA RS

Most of thelTObasedmodulators described in the literature utilise the silicon platform, due to
its technological maturity and corresponding popularity for datacomndiegtions[74], [77],
[143], [144] We decided not to go down this route and to use a silicon nitride platform instead
because a) silicon nitride tisansparent into the visible regime, which is more attractive for the

optical neural network application targeted hdi&15]; b) similarly, silicon nitride is able to carry
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3.1 Choice of Materials 3. Design and Simulation Methods

higher power signals thasilicon [73], which is essential for coherent optical processing
requiring 100s of channels; c) finally, alternatif@ssilicon modulators already exist based on

carriers[70], [76] while there are no known higspeed modulators available on silicon nitride.

Silcon nitride (SNs) on borofloat 33 substrate is also the primary material used in the research
group[111], [146] so there is a significant body of knowledge available on how best to process
this material. The silicon nitride thkness used in the research group is 10 but, as will be
discussed in this chapter, a new substrate material was required for this body of work, allowing
me to choose a more suitable silicon nitride thickness. The chosen thickness was designed to

increa® mode overlap with the semiconductor laysection3.4.2).

o dmMdu{ddzo & G NJ (0 S

Utilising SiNs on a borofloat 33 substrate has a major issue, i.e., that it does not yefadih a
cleaved facef(section5.6.9. As the waveguide geometry we are targeting requires-fined
coupling through a facet, this is a major drawback. We ihjtimied to address this issue by
partial dicing(section5.5.1) the wafers through the back (nerpated side), but this proved
difficult, with low yield. Instead, we changed the substrate to a bulk silicon wafer with a thinner
layer of thermal oxide ontavhich the silicon nitride was deposited commercially, as illustrated

in Figure3.1.

Silicon is a cubic crystal structure with symmetry along the X, y, and z Cagesidimates, with

a unit cell consisting of two faeeentredcubic (FCC) structures. The orientation of each face
yields different chemical, mechanical, and optical properties, and is therefore an important
parameter governing the material properties. [Pée silicon having cubic symmetry, it can be

cut along any direction, either parallel to one of its cubic faces, diagonally from one edge to
another of the same cube, or diagonally through three corners of the §idbg], i.e., silicon
cleaves readily and, as a result, | have been able to reliably create cleaved facets using a bulk

silicon substrate.

Moreover, using a silicon platform increases sample strengtinddabrication, where many of

the steps require vacuum stages, thermal tape, or careful manipulation with tweezers, which all
place mechanical pressure on the substrate material. Switching to a substrate that does not
require partial dicing prior to faleation will naturally increase the durability of the sample

during fabrication.
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This layer serves to modulate the optical mode by capacitively induced changes in carrier
density. We chose indium tin oxide (ITO) as the material because piagldensity can be
controlled over a wide rangeallowing for control over the refractive ingecorrespondingly,
several efficient IT®ased modulators have already been described in the litergtrdg [79],

[80], which provides a good starting point for my studies. The ITO layer is described in much
more detail in(chapter4). Fabrication tolerances due to equipment limitations and design

choices have limited the layer thickness, which is discuisssettion3.5.

odmdnhdE A RS

The oxide, or insulator, layer in the capacitor has several requirements; a) it needs to bepinhole
free to avoid leakage currents while b) it needsh® thin such that a moderate voltage is
sufficient to create a strong electric field and modulate the carrier distribution in the ITO. We
chose SkB, an epoxybased photoresist, chosen for its chemically and thermally stable
properties; its thickness cabe controlled via spin speed and chemical dilution during
application. Once exposed and cured,-&¥Exhibits optical and chemical behaviour similar to
silicon dioxide (Sip[148].

odmbdpads G | €

For the metal, electrical contact, layer of the MOS structure, gold was the obvious choice
because of its high conductivity, ease of processing, and resistance to corrosion. Since the
structure is capacitive, it does not need to carry significant carrier density, so it does not need
to be particularly thick; additionally, as discus$edection5.4.2an adhesion layer is required
between the oxide and gold layers. An adhesion layer of chromium was chosen, due to its
electrical compatibility with gold149]; the gold and chromium layers are discussed in more

detailin section5.6.8
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3.2 Simulation Techniques 3. Design and Simulation Methods
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Creating a MOS EO modulator, as illustratedFigure 3.1, requires development and
optimisation; this would be nearly impossible to achieve through fabrication and measurement
alone. Simulation techniques off a relatively fast method to sweep atichise parameters by
comparison. MOS EO modulators, as will be discusselthipter4, are not the only structures
simulated in this body of work; | also simulat@&d periodic structures, that exhibit guided mode
NBazylyOS o6Dawuv®d [/ 2YLMzilFdAz2ylf StSOGNRYIF3IyS

eguations through discretisation in both space and time.

¢KS GAYS O02YLRySyid 2F al EgS ddfitng th&djeduicficidaty & OF
discrete frequencies, using a finitifference timedomain (FDTDJ)150] or finite-difference
frequencydomain (FDFD)L51] method. The space component can be discretised through a
periodic permittivity distribution at discrete spatial frequencies in Fourier space, tisirfinite

element method (FEM)L52] or the Fourier modal method (FMM}53]. In my research | used

a combination of FDTD and FMM to simulate and optimise the two structures detailed above,

and | will discuss both methods in this chapter.

o dPH OM32 dzZNA SNJ a2RI'f aSiK2R

The Fourier modal method, also called rigorousigtedwave analysis (RCW)04], [154],

[155] or the scattering matrix method (SMM156], [157] is the ideal method for periodic
structures of layers that are invariant normal to the periodicity. RCWA is the impletiantd

the time-harmonic spatiaf NG Ij dzSy 0& F2NX 2F al EgStt Qa Sl dz i
electromagnetic fields within each layer into eigenmodes with an exponential dependence on
GKS y2NXIf RA NS OB2huddémins. RC\RAD $0 @léctramEgEetidNdvEs in each

layer are expanded to a truncated Fourier series and transmission, reflection, and field
information are obtained by specifying the complex amplitude, wavevectors, and coupling

coefficients of every Blochigenmode for each laydi58].
nOF Q ‘9 9 |j dzI e
o QU - 9 lj dz ate

For isotopic homogeneous nonmagnetic materials without source, the-tiamenonic Maxwell

curl equations with a time dependence®f ! can be represented bgquation3.1 and Equation
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3. Design and Simulation Methods 3.2 Simulation Techniques

3.2, whereEandH are the threedimensional electric and magnetic fields respectivelys the

angular frequency¥, and > are the vacuum permittivity and permeability respectivEl$9].

The relative permittivity and permeability ( YR >0 ' NBE YIFIGSNAIf RSLISYRSYyl(
periodic functions and can be approximated by the truncated Fourier series. A simple

distribution for a layer periodic in x and hageneous in y and z is expressedguation3.3

and Equation3.4.

9| dzl ete

9| dzl et

In Equation3.3 and Equation3.4% , ¢y R are-the Fourier expansion coefficients of material
permittivity and permeability, andO — represents the Bloclwavenumber, and a is the

structure period.Equation3.3 and Equation 3.4 define a unit cell with periodic boundary
conditions, and N represents the finite nber of Fourier harmonics (or truncation order) along

the xdirection. The magnitude of N essentially determines the accuracy of the RCWA method.

Multilayer structures are defined by stacking layers in tkdirection with the same period in

the xdirection, where each layer is represented by its own Fourier series (invariant in z). The
individual layers are connected by defining boundary conditionenforce continuity of the
tangential electric and magnetic field components. The top and bottom layers are typically
defined as quasinfinite halfspaces to allow the reflected and transmitted waves to propagate

in these layer$102].

9|j dzi e

9 lj dzl a2
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given byEquation3.5 and Equation3.6. B, and H, represent the complex amplitude vectors of

the electric and magnetic fields of each Bloch eigenmode anid khe discrete irplane

6l 3SHSOGE2NI RSGUSNY¥AYSR o6yed .ZR OKIQh g JifkKiS@ANBFdeNI¢ KSlj ol 2
Equation3.3 - Equation3.6 requires algbra beyond the scope of this thesis, but can be found

in peerreviewed implementations of RCWA04], [160] | used an implementation of RCWA

known as § which is discussed in greater detail section3.2.1, to simulate 1D periodic
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3.2 Simulation Techniques 3. Desgn and Simulation Methods

structures fabricated in the surface of sputter deposited thin films of indium tin oxide. This
implementation, apart from being peeeviewed, benefits from its opesource nature and easy

implementation with coding techniques.

0 ®H ®HOM YBAAITSS NEBS/UCKS2 R &

The fnite-difference timedomain (FDTDhethod can be classed in as a ¢gpaked differential
numerical modelling methofinite-difference method andis often included as an extra feature

in software optiondor finite-difference (FD) solvers. There are a number of software options to
conside when using FD techniques, but of particular interest is Ansys LumgrgHl and

COMSOL Multiphysidd62], which are finely tuned FD implementatiomgth simple user
interfaces, a wide range of geometry and parameter options, FDTD solvers, and the potential for
combination with other simulation techniques=DTDis a timedomain computational

St SOGNRBReyl YAO& G(GSOKYAI dzS nane 8equericg spac@eBIgS al E g
COMSOL and Lumerical discretise the simulated geometrpemdittivity in a grid, referred to

& &, SS[168]12 NG AaOrS¢a K ¢ = R SSTYASHAlYaT AFYA yALNISOSS 2 S NJ
equations can be applied. The mesh removes the need to solve simultaneous equations and
therefore reduces the required computational power and processing time. The most common
mesh is a conformal megh50], [164] which removes the need to solve layers simultaneously,
reducing required power and processing time, but introduces a strict boundary on the spatial

distribution to ensure numerical stabilif65].

Both software options allow useatefined meshes and can generate a mesh automatically based
on the userdefined layer dimensions and material parameters. The documentation states that
the mesh is graded such that a material with refractive index 2 will have a mesh twice as small
as a material with refractive index 1, because the wavelength is smaller ihigher index
material. Using too few mesh elements reduces the precision of features that can be resolved,
but forcing a very small spatial mesh increases the computation time by a facéord3D

simulations due to the increase in frequency spacing.

There are further limitations to consider, namely that it is impossible to recreate the fine details

and imperfections created in fabricated structures. As such, material roughness, layer
misalignment, and material thickness distribution across the layenaiaoe considered in the
simulation domain. Therefore, the simulations presented in this work form part of the
RSAONRLIIAZY 2F | RSOAOSQa LISNF2NXYI yOSs 3IdaA R
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3. Design and Simulation Methods 3.3. Grating Parameter Investigation

experimental results, and were optimised for speefl amtput and manipulation of input

parameters rather than outright precision.

0 PoBPNI ay 3 t I N YSGSNI Ly@dSaoe:

Insection2.31 discussed the behaviour of guided mode resonance (GMR) in periodic structures
that are used in this body of work to determine the optical parameters of our ITO. To further
understand the reonance behaviour, | investigated how the resonant wavelengthwas
affected by the grating parameters. | used RCWA to simulate an ITO grating on a borosilicate
(ns=1.46) substrate, varying each parameter (periodfditor, thickness, refractive indg
individually and maintaining the others as constants. The base parameters were as follows:
grating period (a) of 500m, grating thickness (t) of 150n, fill factor (ff) of 0.7 where the ridge

width is given as ff*a, and refractive index)(of 2.0. Tie resulting spectrum was measured in
reflectance and plotted as a function of the varied parameter and incident wavelength. Only the
transverse electric (TE) mode was measufgdure3.2 shows the results of this investigation,

where the colour bar represents the normalised reflection.

Figure3.2(a) shows the reflectance spectruas a function of the grating period with a clear
linear dependence between the resonance position and the period as indicated by the diagonal
yellow line starting at point (220, 200) on the plot. This relationship is expected from the grating
theory (2.3.2), though the plot does highlight the limited resonance behaviour of a low index
grating.Figure3.2(b) shows the relationship between fill factor and resonance for a fixed grating
period, where the FF can be considered a representation of the effective ind@xfi@m
(Equation2.34). The plot shows that the resonance position remains constant across a large FF
range, suggesting that once an effective index to sustain a guided mode is achieved, the mode

remains invariant across a largdge width range and is instead mainly dependent on period.
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The effective index argument for the fill factor variation is applicable to the grating thickness

and refractive index of the grating, as shownHigure3.2(c) and (d) respectively. Above a
particular grating thickness, the grating can sustain a guided mode, above and below this
thickness the grating operatesinsab 2 NJ RATFNI OUA DS Y2RS NBALISOL

between the grating index and the resonance position behaves similarly. One would expect that
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3. Design and Simulation Methods 3.4. Mode Overlap Investigation

the grating index is largely responsible for the effective index, and therefore increasing this index
would cause a corresponding shift in the resonance wavelengtieebh this relationship is
beginning to occur for higher grating indices, shown by the curve in the resonance response
beyond n=2.2. The relationship is clearly nonlinear and is an important one to recognise when

designing these gratings.

The results othis investigation, and the relationships observedrigure3.2, were used to
ensure that there were GMRs in the ITO gratings prior to the fabrication processsdiddas
chapter 4. The RCWA method to produce the reflectance surface plots can be reverse to

determine the grating parameters, and this is discussed in more detatiion4.6.

odnab2 RS h@OSNI L) LygdSasdl a2y

To determine the ideal layer thicknesses and waveguide width illustratEgyime3.1, | used a
Lumerical FDTD solver to understand the layese overlap of an optal mode in the silicon
nitride waveguide. Here, | will briefly discuss the simulation parameters and how the data was

processed to determine these layer properties.

odndmd2 RSt t I N} YS{GSNEAE

The model was setup using the FDTD solver in Lumerical and consistsilicbma nitride

waveguide on a glass substrate, an ITO layer,apnSU @ SNE FyR | 3I2f R f I @8SNE ¢
effect on the waveguide mode can be analysed individually. As the model serves as a guide, |

used the automatic mesh generation option, whicieated a mesh range between -B0 nm

across the structures, narrowing at thinner layers. The structure was considered to be a slab

waveguide with the layer refractive indices taken as literature values for flé€3 silicon

nitride [84], ITO[167], SU8[96], and gold101]. The cover layer was assumed to be air, with a

refractive index of 1Theincident wavelengtiwas 509nm.
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The individual layers are separated by white lines and labell&igimre3.3 where the optical
mode is predominantly in the waveguide layer and the slab wavegummidered between
1.5and 1.5 Y A y-dirécKo8. THe substrate layer is considered infinite from y=0 down. The
FDTD frame sets the boundary conditions of 20x6~ OSy 4 NB R I NRlogMkhini KS &
this window that the electric field will bevaluated. The layer dimensions are evaluated
individually, with the base thicknesses and widths as follows: Wm,3.g = 150nm, t, = 100
nm, tsus = 500nm, and §= 100nm for width, waveguide thickness, ITO thickness8$tickness,

and gold thi&ness respectively.

o m 9 |j dzI @2

The normalised electric field is shownRigure3.3 and is used to calculate the mode overlap
throughout this section. It can be calculated as the sum of the squared electric field components,
usingEquation3.7. The effect of each layer is evaluated individually by separating the structure
into layers. IrFigure3.3, the top box and both sides are considered air, while the bottom box is
the substrate layer. In the slab waveguide in the centre, the waveguide is the bottom with ITO,

SU8, and gold layers on top.
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3. Design and Simulation Methods 3.4. Mode Overlap Investigation

The sum of the normalised electric field, jEdivided by the layer area {§Ayields a normalised

sum of the electric field ($that can be used to calculate the layer wise maderlap (Q as a
fraction of the total electric field sum fSusingEquation3.8. | have only considered the mode
overlap with the substrate, waveguide, and I&@er as desirable overlap, i.e., the substrate
overlap is undesirable as it can cause scattering losses, the waveguide overlap is desirable for
guiding the input signal, and ITO overlap for signal modulation. Any other overlap is considered

not relevant. 1 should be noted, only the fundamental mode was considered.

odn dH2d HSITdzZA RS [ | & SNJ

I will begin with the waveguide layer dimensions. Here the capacitor layer thicknesses remain
constant while the slab width and waveguide thickness are varied separately. The mode overlaps
are shown inFigure3.4(a) and (b) for the slab width and waveguide thickness, respectitely.

should be noted that the waveguiding layer is silicon nitride, as discussed in g&ction
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It is clear from the red and blue lineskigure3.4(a), that the mode overlaps in the waveguide

and ITO layers, respectively, are not heavily influenced by thetlsiginess. There is a minor

increase around -3 >m, but the difference is minimal in an approximation such as this.

Therefore, |1 can set my target waveguide thickness ten8and afford some tolerance in

coupling into the waveguide and in the lithographgps, discusseth section7.1.2and5.6.5

As forFigure3.4(b), it is intuitive that as the waveguide layer thickness increases, more of the
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3.4. Mode Overlap Investigation 3. Design and Simulation Methods

optical mode is in this layer and the inverse is true for the ITO layer. Therefore, it is a balancing
act between the two to find an optical overlap for modulation. | opted for a target waveguide
thickness of 15200nm, allowing some tolerance in the falat@on steps whilst maintaining a
waveguide and ITO overlap around-80% and 2820% respectively. It should be noted, below

100nm waveguide thickness, the mode is not guided Bndrgely absorbed by the gold layer

odn do/dt LI OAG2NI [ | @ SN&A

Finally, | will corider the individual layers in the capacitor structure. For each of these layers,
the waveguide dimensions remained constant, and only one layer thickness was varied at a time.
The mode overlaps are shown kigure3.5(a), (b), and (c) for the ITO, 8Uand gold layers

respectively.

Once again, we are comparing the red (waveguide) and blue (ITO) IFigsiie3.5. For the ITO

layer thickness (a), the mode overlap decreases to a minimum as the layer thickness increases.
This is likely due to good confinement in the waveguide layer and asigaificant refractive

index contrast baween the silicon nitride and ITO preventing more of the mode being drawn
into the ITO layer. Hence, we can afford to reduce the layer thickness in the ITO layer to increase
the overlap.However,achieving a thin layer (<5im) using the deposition technigg available

is nontrivial. As such, | have assumed a target thickness betweet®8@m to achieve an ITO

layer overlap of 2820%.While overlap with the ITO layer is not the target in this work, but
instead an overlap with a small portion at the FBO8 interface,measuring the overlap with a

few nm of material is not feasible with the available mesh size of the simul&ttu.overlap

with the ITO layeis sufficient when considering device dimensions.
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The remaining capacitor layers of-8ldnd gold, (b) and (c) respectively, highlight that there is
good confinement of th optical mode in both the waveguide and ITO layers, with the thickness
of both these layers not having a dramatic effect on the mode overlap. This is good, as | can tune
the SU8 thickness to achieve a target capacitatigection6.1.2), and therefore a modulation
speed/depth, and | can increase the gold layer thickness to increase durability when making
electrical contact. To begin with, | assumed ar83blicknes®f around 206500nm and a gold
thickness of 10@im because a thinner S8layer brings the gold layer closer to the waveguide

mode and results in increased losses.

98



3.5. Modulator Design 3. Design and Simulation Methods
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To this point, | have considered the modulator as a slab waveguidehisupdses difficulties
experimentally; namely, how would one make electrical contact to the ITO layer. To make the
modulator practical and be able to place electrical contacts away from the waveguide, | needed
a redesign. Here | will discuss these changmed their potential effects on the modulator

performance.

obp dMdE LI OAG2NI 5SaAdy

In principle, there are two design layouts that would allow the electrical contacts to be taken
away from the sensitive waveguide structure. These two layouts are illustratEdyime3.6,

with (a) a surrounded and (b) a partial surround design.

(a) Gold (b) Gold

Thermal Oxide Thermal Oxide

Silicon Silicon
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Due to the good horizontal confinement of the waveguide mode observdsdguare3.3, and
based on the preliminary siahations shown iAppendix sectio.3, it is unlikely that either the

fully surrounded or partially surrounded designs will alter the waveguide mode effective index
due to the majority of the unconfined portion of the mode being vertically spread. To confirm
that this is indeed the case, | e the effective index method discussedsection2.4.1to
determine the waveguide effective index as a function of the three parameters that | showed to
have the largest effect on the waveguide mode Fkigure 3.5; the waveguide thickness,
waveguide width, and the ITO layer thickness. The same simulation conditions were used he
as were used isection3.4, i.e., the same refractive indices, layer thicknesses, and widths where
appropriate. | only varied the waveguide thickness, widthd 8O layer thickness individually,

and measured the waveguide mode effective index. The results are shdviguire3.7.
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The effective index method confirms the idea that the waveguide mode is well confined, as can

be observed by equal effective index over the (a) waveguide thickness and (d)idKi@ess

ranges inFigure3.7. The horizontal confinement slightly deviates belowrf width, as is

apparent from the splitting of the three lines Kigure3.7(b). This is consistent with the mode

overlap experiment and is not of concern for the waveguides discussed in this work. Hence, the

design of the modulatocan be, to some extent, guided by whatever makes the fabrication

process easier. | chose to use the design illustratdtguare3.6(a).
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It is common in the literaturg74], [77], [78]to see phase modulator designs with the MOS
capacitoras illustrated irFigure3.6(b), with the bottom electrical contact on the unmodulated
waveguide arm. For the modulators discussed in this work, the ITO layer &tts bsttom
contact, and as such needs to have an open area for electrical contact. However, | chose to
separate the electrical contacts to prevent the build of an electric field between the two

contacts and concentrate the electric field between thédgand ITO layers in the capacitor.

kil
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Initially, 1 used the contact layowts shown inFigure3.8(a), where both the top (right) and
bottom (left) contacts were equal but contacted each capacitor plate separately. | included an
insulating lger of SWB between the top contact and the thermal oxide substrate to prevent any
chance that a large potential could create a strong electric field between the two contacts.
Fundamentally, the contact layout illustrated Kigure 3.8(a) is good enough for a single

waveguide modulator, i.e., an absorption modulator.

However, once | began measuring phase modulation, with a Matimder Modulator (MZM)
setup as discussed section2.5.1, | used the layout illustrated iRigure3.8(b) to allow for a
tighter packing of modulators when creating arrays of the MZMs. With the overall goal of these
modulators to be as small as possible, as it ik Wie field effect transistor in conventional
computing systems, a tighter packing of the modulators is favourable. Placing two modulators
side by side, as illustrated igure3.8, is significantly easier with the staggered top and bottom
contact (b) than it is with contacts on the same level (a). Hence, | decided to use the staggered

contacts illustrated in (b).
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Finally, the waveguidelesign itself should be considerethe design is based on a Mach
Zehnder modulator (MZM). As discussed@ttion2.5.1there are two options when it comes

to spliting or recombining one signal to two or vice versa: the raultide interferometer and

the Yjunction waveguide. Here | will discuss the design challenges facing both options and

justify my choice.

o dc Ovaddzfre2z RS LY UG SNFSNRYS(SNI

The multimode interferometer(MMI) is based on the principle of multimode propagation
(MMP) of waveguides. The principle is derived from hollow core waveguide systems but can be
applied to modes that are confined in a setidre waveguide such as the silicon nitride

waveguides in thisesearch.

(a) (b) E intensity
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Consider a singlmput system with a square waveguide of width and thickness 2a. The

waveguide is fedymmetrically (around y=0) into a rectangular waveguide of width, thickness,

and length 2b, 2a, and L respectively.

Asthe single mode input enters the larger section, of width 2b, it excites the higher order modes
that have now become available due to timereased dimensionghese modepropagate and

interfere to reform the original single mode input after a distance 2L, so the d¢dkimage the
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input after a certain propagation length. For half this distance, the length L chosen here, the
system produce a split image of the input, i.e., the intensity is equally distributed over two
tightly confined spots. It is this property which makes the MMI useful agalisplitter, so the

input signal is then split into two output square waveguides of width #anckness 2a. Such a
system is illustrated ifrigure3.9(a), where the input signal travels from left to right in the

positive xdirection. The electric field profileshown inFigure3.9(b), is described by:
Fe t0Q 9 Ij dt @@

We can assume that input signal excitesnodes as indicated bquation3.9, where X is the
position at which we take the electric field, and m is the mode order. We ideally want the

distance x=L at which the two output waveguides have a fundamental mode excitation.
T® 9 |j dzI a®en
Ly 3SySNItsz AF ¢S laadzyS dKFd o x alxX gKSNB
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output waveguides experience fundamental mode excitation is giveEgoytion3.10.

®
i

& & L ci p ph & picroshi 00 4R
At the point L, the position of the two output waveguides) @re given byEquation3.11 as
demonstrated by Jenkins et #l68]. The problem with the MMI splitter for my research is that,

as can be seen iBquation3.10, there is a wavelagth dependency on the dimensions of this
structure. This wavelength dependency affects both the length and width of the rectangular
guide, which in turn determines the position of the output waveguides. In my research, | wanted
to demonstrate the power of silicon nitride platform by showing modulation in multiple
wavelengths. Such a task would then require individually optimised MMIs for each desired
wavelength, thus removing the comparability of the results as each system may have its own
defects/imperfections from the fabrication process. As such, | decided to use a different type of

splitter.
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A far simpler and more broadband structure, but one that does not guarantee an equal division
of the input signal, is the-jinction waveguide, illustrated ifigure3.10. The Yunction is
characterised by a on®-two split where the split angle’ | is the important parameter to
consider.To keep the modulators in this research more broadband, | chose to ugenation
splitter. A Y¥junction is more broadband thaan MMI due to the dimension/wavelength

relationship used to achieve an equal split of the input signal
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In practice, the Yunction waveguide is polarisation and wavelength independent, but the split
angle should be very small to reduce scattering at the point (u). This means-jhattén
waveguides often suffer from longer device length than MNI&9]. To achieve a smooth
transition, we used a rounded point (u) in the split, specifically designed to provide a smooth

transition between the single input and multiple output.

However, as can be seen by the angle of the two output waveguidésgimre 3.10, the
recombination the two signals must at some point require a bend. In fact, | included a bend at
the input end to ensure straight waveguides for the modulated section (for ease of fabmigatio
and thus created a symmetrical inpatitput MZM design. The bend geometry is illustrated in

Figure3.11, where the sharpness of the bend is exaggerated for ilitis® purposes.
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Given that the waveguide mode is supported through total internal reflection, we can
approximate the bend anglé ) as he square root of the refractive index contrast (~3), and thus
the angle per unit length (L) is approximately °1.dsing simple trigonometry170]. In my
research, | tested a variety of bend angles, and measured the optical power carried to ensure
that each waveguide was receiving an equal spid found the waveguides with maximum bend

angle of approximatly 1.66 were the sharpest | could fully utilise.

odTESAATY { dzY Yl NE

In this chapter | have discussed the design parameters of the capacitor materials, waveguide
platform, and the interferometry architecture of the phase modulator, as well as the choice of
materials for the modulator. The novelty of my research lies in combining the carrier induced
permittivity change in a capacitor gated ITO layer to overlap with a waveguide mode in a silicon
nitride platform. | chose to use a silicon nitride waveguide altvB>m and thickness 15000

nm. As discussed Bection2.5the modulator is suitable for phase and amplitude modulation

in a MachZehnder architecture or as a straight through waveguide. In this chapter, | have
chosen to focus the discussion on designing a Méatmder Modulator (MZM) phase
modulator. The splithg of one input into two is achieved using a broadbandnttion splitter

into two bends to separate the modulators, with a maximum bend angle of1.66

The metaloxidesemiconductor (MOS) capacitor layers consist of gold;8,Sdnd ITO
respectively. Theapacitor is used to modulate the local permittivity in the 4338 interface

and thus the effective index of the waveguide mode. The capacitor layer thicknesses were
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chosen to provide the maximum mode overlap with the ITO layer for optimum modulation
depth, while minimising the mode overlap with the gold layer to reduce system loss. | used a
gold layer of 100ym thickness, an S8 layer thickness between 288D0nm, and an ITO layer

thickness between 5@00nm, where the range is dependent on fabricatimmditions.
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| have also discussed the design considerationseétlctrical contacts to the capacitor in this

chapter, opting for an asymmetric design with an insulated top contact to concentrate the

electric field between capacitor plates. The system design is illustratéeyire3.12(a) and

pictured in (b, showing the double capacitor layout to remove any 0V bias. The waveguide bend

in Figure3.12(a) is exaggerated for illustrative purposes and the83aler inFigure3.12(b) is

observed under the gold (yellow) layer on the right hand side of eachcitap, appearing as a

Go2f R ftAySe STFFSOGO
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Chapter Synopsis

This chaptepresents an original contribution to the literature and furthers the understanding

of indium tin oxide thin film depositionn this chapter | describe the material properties of ITO
and how it can be used in electaoptic modulators to introduce a signahange. | will also
discuss some of the literature inconsistencies surrounding ITO that introduced many
misconceptions about the material propertie3he work presented here was conducted
collaboratively with Professor Thomas Krauss, Dr Stuart Cavillhri3topher Reardon, and
Samuel Blairl present our method of determining the optical and electrical properties of ITO
that we believe is a more robust techniquéhe chapter discusses the electrical and optical
characterisation of indium tin oxide thinrfis including surface profilometry, foymrobe, Hall

probe, Xray diffraction, scanning electron microscopy, and resonant grating technitjhase
already discussed the interest in transparent conductive oxides (TCOSs), and specifically indium
tin oxide (TO), in the field of optoelectronic technologies. This interest is based on their optically
transparent yet electrically conductive properties. ITO is not a new material, having been used
in heated windscreend 71}, infrared filters[172], transparent eletrodes[173], and flatpanel
displays[174], though it has been thrust to the forefront of optoelectronic devices since the
Atwater group published the ability to achie up to unity order refractive index chanf{fo]. |

have chosen to focus this chapter on my contributions to this body of work, namely the
deposition protocol andneasurement analysis. | focused my efforts on analysing the surface
profilometry, RCWA simulation, scanning electron microscopy, and resonant grating analysis
2 KSNBE FLIINPLINARFGSET L KFE@S AYRAOFGSR (GKA& 6Ad
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4. Characterising Indium Tin Oxide 4.1 Indium Tin Oxide
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Indium tin oxide (ITO), a heavily dopetlype semiconductor, is a ternary noxindium (In), tin
(Sn), and oxygen fD The optical and electrical properties are strongly influenced by the
crystalline structure and thickness of the ITO, making the deposition of ITO significantly more

challenging than metals and most dielectrics.

nomdMay RAdzY ¢Ay hEARS { GNHzOG dzNB

The atomic structure of a uniell of ITO resembles that of indium oxide:(%), an ionically

bound semiconducting oxide that crystallises in a cubic bixityfie structure with a space
group la3 and a lattice constant of 108nm [175]. The band structure of ITO is a function of

the complex unit cell lattice and electronic interactions, and therefore the nteroperties

of ITO are usually discussed in terms of an assumed band diagram consisting of an isotropic
parabolic conduction banfll37], [176}P CIl Yy | Y R [27¢bArf yiggdam RoQliDs
exhibits a band gap of 3.5eV, prohibiting interband transitions in the visible ranggieldohg

over 90% transmission in this region. The conduction and valence bands arise from indium 5s
orbitals and oxygen 2p electrons, respectively, and the Fermi leyé$ fBund to be above the

conduction band, due to-type doping of the tin impuries[137].

The bands differ depending on doping density; for low doping density, donesséae formed

just below the conduction band, but for very high doping densities, the donor states increase
and merge with the conduction band at a critical density. This critical density, known as the Mott
density, is governed by the Bohr radius andITdD is approximately 1r8n, corresponding to a
doping density of 3.4x20cm?[137]. Above the Mott density, the electrons occupy the bottom

of the conduction band and form an electron gas, reducing the electron mdiifig}, [179].

nadMPHITE SOGNAOFE YR hLlOFf t NBLIS

To use ITO for nanophotonic devices, a detailed knowledge of the deposition parameter
relationship to the optical and electrical properties must be known. In general, the Brude
Lorentz model can be usedmaodel the optical properties of ITO, which is discussed later in this
chapter, due to the high carrier concentration. The permittivity of ITO is heavily influenced by

the electrical properties, namely carrier concentration, of the material, resulting ftioen
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doping tin donors and oxygen vacancies. The doping levels is a balancing act, as substituting an
indium atom, thus freeing an electron and increasing carrier density, allows a dchdniged

oxygen vacancy and singifiarged tin donor, reducing the é&r mobility due to ionised
impurity scattering137]. It follows that tuning ITO is psible by controlling the oxygen and tin
content of the material during deposition. However, it is not that simple as the properties also

depend on the material thickness and film crystallini§0].

Studies into the film colour and carrier mobility because of the oxygen/tin doping concentration
and sputtering power density, respectively, during deposition further compound the notion that
controlling the optical and eledtal properties of ITO is nanvial. The resistivity of ITO is
shown to be high for low doping concentrations, while the resistivity is also high for increased
carrier concentrations, thus there is a local minimum of parameters if the desired efleut is
resistivity/high conductivity, and therefore high speed, operation. The high carrier density
associated with increased oxygen content is a result of enhanced crystallisation which can also
be achieved through high temperature annealing, thus addingtt@rocomplication to the
tunability of ITO.

n ®HIPE SOENID a2Rdzf | a2y AY

While ITO has been most commonly used as a transparent electrode in photovoltaic and
touchscreen applicationjd81], [182] in photonic applications a lower conductivity ITO is more
desirable. The lower optical losses associated with a lower conductivity is of interest for use in
light modulation[74], [77], [78] tuneable metasurfaced 83]¢[185], and efficient lighimatter
interaction in the epsilomearzero (ENZ) regimfl86]. We are interested in using ITO for
eledro-optic (EO) modulationnamely the modulatiorof an effective index of an optical
waveguide mode. This is achieved in ITO through a change in carrier concentration as described

by the Drude model.

noHdMIKS 5 NHzZRS az2RSf

We start by considering the complex etric permittivity of ITO, which can be described by

the simplified Drude model. The complex permittivity (
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can be expressed as a function of the angtreguency of the incident light () (Equation4.1),

_"| -

with the material dependent variables: high frequency permittivity)( plasma frequency ¢?),

and the collision frequencyn). The plasma frequency, or ENZ poirgpresents a plasma
oscillation resonancevhere the dielectric function changes sign and the real part of the
permittivity drops to zeroLight with angular frequency below the plasma frequersctotally
reflected, whereas light with angular frequency above the plasma frequency can penetrate the
material. The plasma frequency

£Q 9|j dzt e
- dz

1

is a material constant, related thé free carrier density (n) and the effective electron mass)(m
(Equation4.2). Where the permittivity of free spaced) and the elementary charge (e) have
their usual meaning79]. Itis clear, fromEquation4.2, that the Drude permittivity is entirely

governed by the free carrier density of the material

s 9 |j dzl et
£ Q
which is related to the electrical properties of conductivitygnd electron mobilityX) as shown
in Equatiord.3.
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The dependence of the complex Drude permittivity on the electrical properties of ITO, given in
Equation4.3, is shown irFigure4.1, where change the (a) real and (b) imaginary permittivities
as a function of the free carrier density are highlighted by the dramatic shift in the permittivity

curves. The ENZ region, shown by thessing of the y axis at Bifjured.1(a)), is popular because

it affords more efficient lightnatter interaction, due to thg— dependence of many linear and
nonlinear effects.

The high frequency permittivity, collision frequency, and effective electron mass used in
Equation4.1 to describe the permittivities shown iRigure4.1 are taken from the literature
[188], and are assumed to be 3.9, 18Biz, and 0.35, respectively. Télementary charge and

electron mass are taken as the commonly accepted vallies. refractive index (n) and

extinction coefficient (k) components of the complex refractive index

9 lj dzl mte

can be calculated from the complex permittivity components udigpation 4.4, where

- - represents the complex modul(i$89].
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Using the complex Drude permittivities fiigure4.1, | was able to calculate the corresponding
refractive index components shown kigure4.2, where the change in (a) refractive index and
(b) extinction coefficient (loss) as a function of the free carrier density are highlighted. What is
remarkable about ITO is that if the carrieoncentration can be modulated by 2 orders of
magnitude, a unity order change in the refractive index andoad2rs of magnitude change in

the extinction coefficient can be achieved.

noHPHAA YATlFIa2ya 2F t SNF2NXI YOS

Despite the promising literature calculatiamown inFigure4.2, which indicates that a unity

order refractive index change is achievable in ITO, there are several factors that limit the
performance of an IT®ased EO modulator. Placing ITO in a mex&de-semiconductor (MOS)
capacitor, thus achieving electrically tuneable refractive index modulation in the ITO, places
electrostatic limitations on the achievable change of the carrier concentration. Free rcarrie
accumulation inherently leads to the formation of an accumulation layer, which is the portion

of the ITO in which the refractive index modulation will be achieved. As is well known in
electrostatics, the thickness of such an accumulation layer scalessely with the carrier
density, such that, only a small modal index change can be achieved in practise. This small modal

index change clearly limits the achievable modulation strength.

Due to these limitations, it is imperative to process ITO in susfyathat the deposited film
yields a carrier concentration in a desirable region. There are two potential routes: low carrier
concentration with low optical loss, and high carrier concentration with high optical loss.
Typically, the photovoltaic industrequires low resistivity ITO for use in transparent electrodes,
whereas EO modulation is more of a tragli€ between speed and performance. A higher carrier
concentration yields a greater shift in the refractive index, and thus a greater modulation depth

(Figure4.1) [79], but at the cost of increased losses.

It is well understood that the optical and electrical properties of ITO are sensitive to small
variations in the deposition conditions, such as oxygen flow, operating pressacethia film
deposition technique. Typically, ITO is deposited from a source material of diindium trioxide
(I;,Os) and tin dioxide (Sr¥pand, as such, high temperature deposition techniques tend to
dissociate the oxygen, which is largely responsibleHerftee electron density, and therefore

the source of index modulation in the material. Therefore, high temperature deposition

techniques produce a low resistivity ITO desirable for{sigised applications. | have discussed
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how the ITO in this body of woskas deposited, and the justification for this choice, in more
detailin section5.2.9 It is unclear in the surrounding literature how the deposition conditions
affect theoptical and electrical properties of ITO. Here, | will show how the deposition conditions

affect the electreoptic performance of the resulting film.

~
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Many authors assume previously published literature values for inapoptical and electrical
properties for the Drude model of ITO including carrier mobiiy ligh frequency permittivity
(8¢), electron effective mass @), and the collision frequency)(without accounting for the
deposition conditions for which these values were obtained. fepose an alternative
approachto spectroscopi@llipsometry measurements to determine the dispersion curves for a
complex semiconductor such as ITOtingthat many of these parameters vary as a function of
the deposition conditions. To illustrate the effect on the complex Drude permittivity of these
parameters, | will briefly discuss the values assumed in the literature and show the resulting
Drude permittivity aad complex refractive index components. | have already sh&igu(e4.1

and Figure4.2) the effect the carrier density, and by extension the carrier mobility, have on the
Drude permittivity and refractive index, respectively, though | used this to demonstrate a
performance metric. While neither can be assumed independently, witignoring material

conductivity, the importance of accurately measuring the electrical properties is highlighted.
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The high frequency permittivity is the real permittivity component at short (ideally, zero)
wavelength and is dermined by the bound carrier concentration. Most authors assume the
high frequency permittivity to be constant, but this is an oversimplification as it reflects the
degree of crystallinity of a material. The high frequency permittivity is essentialyititercept

of the Drude curve, and is often assumed in the literature to be either 1 or 3.9 in published
literature [80], [133], [188], [19Q]It is common to assume a permittivity ofadhen considering

the material properties below the plasma frequency, where the real component is not relevant.
For the modulators considered in this research, it was important to clarify the optical and

electrical behaviour of ITO in the visible spectrdim.demonstrate the effect the high frequency
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permittivity value has on the optical properties of ITO, | assumearaer density of 1x18cnr

3, a collision frequency of 18tHz, and an effective mass of 0[39].
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The effect of the high figuency permittivity value on the complex Drude permittivities is shown

in Figure 4.3(a)(b), where the imaginary components are all approximately equal, as the
imaginay component is, inherently, dependent on the parameters in the loss region of the

spectrum. In the negative epsilon regime, the material becomes highly reflective, which is
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desirable for tuneable reflectordt is common in the literature to operate clogethe epsilon
near zero conditiorfor the maximum shift in permittivityAs can be seen iRigure4.3(c), the

high frequency permittivity can alter the refractivedex by unity order, the same level as the
carrier density. Hence, accurately determining the high frequency permittivity is important for

characterising the optical properties of ITO.
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The simplest form of the Drude model assumes thHat&ons moving in a constant uniform
electric field have a velocity that is sufficiently high to accumulate a moment between collisions,
where the time between collisions is given as the reciprocal of the collision frequency. It follows
that a material wih high carrier density will have a high collision frequency, and thus a highly
absorptive material will have a high collision frequency; in a way, the collision frequency can be
understood as a loss term with respect to electron mobility. The collisegquéncy is often
assumed to be either 0 or 1.8Hz[80], [188] To demonstrate the effect of the collision
frequency value on the optical properties of ITO, | assumed a carrier density 6f dxfQa

high frequency permittivity of 3.9, and affective mass of 0.35.
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The effect on the complex Drude permittivities of the collision frequency is showigime
4.4(a)(b), where the datdabels are given in THz. The effect is not as dramatic as the high
frequency permittivity, especially on the refractive index componehtgure4.4(c)(d)). This is
because the collision frequency is otigvinga significant effect oimaginary component of

the complex Drude permittivity, i.e., the region of the permittivity beyond the plasma frequency.

This is demonstrated iRigure4.4 (a) and (c).
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An electron in a crystal may behave as though it has a mass different to the free electron mass
(mg). The effective electron mass describes the mass an elecppears to have when
responding to an applied electric or magnetic field, or when interactive with another electron.

The description of the effective electron mass in response to an appliedidieldscribed by
bSgli2yQa aSO2yR fl g 2F Y20iA2y | yR OlMltflloasS dza S
that the effective electron mass is therefore a description of the carrier den$itymateria)
temperatureof a materia) and external filel strength.Hence, it would be wrong to assume that

the commonly used value of 0.3%7], [79], [133]is fixed and independent of the deptien
conditions. To illustrate the effect of the effective electron mass on the optical properties of ITO,

| assumed a carrier density of 1X460m?3, a high frequency permittivity of 3.9, and a collision

frequency of 180'Hz.
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The effect of the effective electron mass on the complex Drude permittivities is shdviguire

4.5(a)(b), with the corresponding complex refractive index components are shown in (c) and (d).

The effect of decreasing the effective electron mass is a shift to a lower plasma frequency and

lower refractive index, with an increase in the loss component at shorter wavelengths.
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It is clear, fronFigure4.2 - Figure4.5, that irrespective of the preferred operating wavelength
range, the Drude parameters all impact on the dispersion curves, and thus on an accurate
understanding of theoptical and electrical properties of ITO. A misinterpretation of the Drude
parameters, when considering a MOS EO modulator, could have significant impact on the design

and thus lead to wasted development and poor performance.

To better understand how thexcorporation of oxygen can affect the electoptic properties of

ITO, we conducted a comprehensive analysis of a variety of ITO thin films deposited using a
range of conditions. We made no intrinsic assumptions about any of the material parameters
using D periodic structures fabricated in thin films of ITO, which allows us to characterise the
material as a device, rather than measuring the properties of an unalteredMigasuring the
material parameters in a device structure means any {postessing ofthe film such as
lithography, etching, material deposition, or cleaning protodbist may affect the thin film
properties have been accounted for in our measurements. These processes may cause
displacement of oxygear tin from the surface of the materiavhich would alter the material
permittivity. For the modulators in this research, a periodic structure is not necessarily of
interest, but the protocols used to fabricate such structures are synonymous with those
discussed in chaptéy. This detailed investigation will be discussed in this chapter, and we hope

it will lead to a better understanding of how to control the deposition conditions to yield the

desired poperties of ITO.
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Clearly, if we are going to propose a new method for accurately determining the optical and
electrical properties of Drude materials, specifically ITO, then we need to maintain consistent
fabrication,measurement, and data processing techniques. Throughout this investigation, the
thin films of ITO and fabricated gratings were kept consistent by maintaining one fabricator and
a strict protocol. The data analysis and measurement techniques were conduaded similar
restrictions to ensure an unbiased treatment of the characterisation. | will now discuss the

fabrication and data processing constants used throughout this investigation.
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As has been discussedsaction4.2.1, it is known that the optical and electrical properties of
ITO are highly dependent on the deposition and piegposition protocols, namely that there is
an increaseén crystallinity with deposition and annealing temperatuf&81], [192] ITO, for thin

film deposition, is typically suppliedither as a sputter target or in pellets for thermal
evaporation as a 900 wt% of diindium trioxide (MDs) ¢ tin dioxide (Sng), and the
disassociation of oxygen from the constituents is proportional to temperature. As is discussed
in section5.2.9 we chose to use a pulsed DC reactive medigpn sputtering technique to avoid
high deposition temperatures and allow for finer control of oxygen incorporation during the
deposition.The deposition temperaturef the sputtering technique was not controlled outside
of using the same pressure and B@tage to deposit the film. The temperature during the
process is, as discussed in secto.9 is proportional to the DC volage and plasma pressure
and therebre maintaining consistent conditions during the deposition reduces variation in
deposition temperature As for postdeposition protocols, specifically we are discussing the
thermal annealing of the deposited filnisection5.4.1), where we can introduce further oxygen

in to the asdeposited films.
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O, Flow Rate O, Concentration
[SCCM] [%]
0 0
0.5 2.5
1 5
2.5 10
3.5 15
5 20
7.5 27

ITO thin films were deposited on to a borofloat 33 substrate using the sputtering technique
mentioned above, where the reactive gas (oxygen) flow was varied to adjust -thepasited

film conductivity using the flow rates: 0, 0.5, 1, 2.5, 3.5, 5, 7.5dstahcubic centimetre per
minute (SCCM). Not all the oxygen concentrations are used for all the measurement techniques
discussed in this chapter; as such, to keep the nomenclature simple, | will refer to the oxygen
flows as percentage concentrations, aslicated inTable4.1. The values are rounded for
simplicity.

120



4.4. Investigation into Photonic Properties 4. Characterising Indium Tin Oxide

While the oxygen flow was varied throughout this experimental campaign, the base parameters
for the sputering protocol were maintained as follows: 20 SCCM Argon as the sputtering gas,
100W supplied DC power, and a plasma pressure of PaZS 0 avoid reactions between the as
deposited film and any unwanted gas, the samples are allowed to cool overnighe tiefioging

the sputtering chamber back to atmosphere with nitrogen gas.
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The ITO films are highly amorphous pdeposition and, as such, require a thermal anneal to

reintroduce oxygen in a controlled fashion and introduce samystallinity back into the lattice.

This is done using a tube furnasection5.4.1). Oxygen flows into the tube furnace at 500 SCCM

throughout the anneal witla 5minute precondition prior to heating. The samples begin at room

temperature (~20C), and the furnace ramps at@&min to a maximum of 50C. The samples

sit at 500C for 1 hour in the oxygen environment before cooling to room temperature overnight.

Coling is unassisted and is therefore achieved purely through thermal radiation into the room.

We also investigated the ITO sheet resistance dependency on the temperature and oxygen flow

during annealing. In this instance, the temperatures and oxygen #b@swere varied, while

the heating and cooling ramp rates were maintained, and samples were deposited using 0 SCCM

oxygen flow.
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Gas Flow Temperature Anneal Time Sheet Resistance
[SCCM] [°C] [hrs] (R [wsq]

Air 500 1 48.3+0.5
500 Q 500 1 41.7+04
1000 Q 500 1 38.9+0.1
500 Q 500 2 46.6+0.4
500 Q 300 1 88.9+0.3

The results of changing the anneal gas flow, temperature, and duration are shdwablad.2,
indicating that while the oxygen flow during annealdatiie duration of the anneal does not
affect the electrical composition of ITO, the temperature at which the anneal is performed does.
The measured sheet resistances are all approximately the same for a constant anneal time and

oxygen flow, but for a decesed anneal time, the sheet resistandeb(?) is almost doubled. For
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consistency, and a lower resistivity, we maintained a temperature of 500°C and only varied th

oxygen flow during deposition during this investigation.
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To limit the number of small references to the fabrication chapter, all the fabrication methods
are discussed in more detail chapter 5 but | will give a summary diow the gratings were
patterned into the ITO films and then discuss how the grating parameters were measured and

used to determine the optical properties.

Due to the nature of the optical measuremer(section4.6), the ITO gratings needed to be
fabricated onto a transparent substrate. We used borofloat 33 substrates, diced into 16ri5
sample sizes. The mechanical dicing process leaves a residuesamtplies, and so the samples

are cleaned in Piranha solution for 5 minutes and then rinsed in acetone and isopropanol (IPA).

The ITO films are then deposited and annealed as discussed above.

The gratings are patterned using electron beam lithography (BBigh requires a lithography
resist layer. We used AR13[30], spunat 5000rpm for 60 seconds and sdftaked at 180C for
10 minutes. The EBL parameters used to fabricate the gratings are d@erture, 0.6A beam
current, 10nm step size, 136C/cnt base dose, 1.71 base dose multiplier, and 9.5xhe

exposure timeThe samples are then developed in xylene for 2 minutes and rinsed with IPA.

Post development, samples are dry etched using reactive ion etching (RIE). The gas mixture is 21
SCCM argon and 5 SCCM hydrogen with a pressure of @i0. The DC voltage ixdd at

450V. These conditions yield an etch rate of 5nm/min and are a combination of the physical and
chemical etching component of the argon and hydrogen respectively. Regarding the chemical
component, the hydrogen reduces the metal oxide to form watdtich is volatile at the process
pressure, whilst the argon works to physically bombard the indium and tin. Samples were etched
for 30 minutes, creating an etch depth of approximately b5 though of course this process

is not perfectly linear. Followingtching, the remaining photoresist was removed by rinsing in

1165 solvent remover at 68, and cleaning with acetone and IPA.
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A common technique to reduce variations in measurements, and to help improve precision, is
to take repeated measurements and calculate average results. Where possible, throughout this
investigation, we took multiple measurements of each parameter for egample and used
these measurements to calculate an average result. The formulation and technique are
discussedn Appendix sectio®. During the data analysis gmn of the campaign, | used a
combination of linear and nonlinear regression tools to fit equations to measured data points.
In this instance, the average and SEOM method is unsuitable. Regression is a statistical
technique, and the error analysis is tgglly conducted using a covariance matrix metfitay].

The covariance is a vector measurement of joint variability of random vari@di@igk where the

sign of the covariance refers to the linearity of the variables. The magnitude obttagiance is

the geometric mean of the variances of the variables, i.e., the correlation between the variables
can be calculated by dividing the magnitude of the covariance by the total variances of the
random variables. The errors are calculated from tlowariance matrix by taking the square

root of the diagonal of the covariance matrix.
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We begin the investigation by consideriiguation4.3 and the electrical properties of ITO,
specifically the material conductivity X and the carrier mobility>). The conductivity can be
measured using the Kelvin technique (fqarobe method) but requires the additional
parameter of material thikness, and the mobility can be measured using a Hall probe technique.
| will briefly discuss these methods and how they were applied in this investigation, but first we

also need to discuss how we accurately measured the ITO film thickness.
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As discussed irsection 5.2, the sputter deposition is monitored using a quartz crystal
microbalance (QCM), which is a common method for monitoring the ahtdeposition in real

time in most thin film deposition techniques. The QCM measures the mass loading effect on a
piezoelectric crystal, where the resonant frequency of the crystal is a function of the crystal

thickness and, as such, any change in massbeameasured as a change in the frequency
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response under an applied voltage. However, there are many factors such as temperature,

calibration, film stress, and deposition energy that can affect the accuracy of the QICM

As we need to know the thickness of the ITO films to accurately determine the electrical
properties discussed in the next section, we need to employ another technique to measure the
depositionthickness. A common, and reliable, measurement tool is the stylus profiler, which
measures a step height variation by dragging a fine tip across the sample and measuring tip
deflection. To measure the film thickness, the stylus profiler requires a stmetbetween the
substrate and deposited ITO film. This step can be introduced by covering a small area of the

substrate with tape, marker ink, or photoresist, removed by mechanical pulling, dissolving in

acetone, or photoresist developer pedeposition,respectively.
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To measure the thickness of our sputter deposited ITO filmesused a Bruker DektakXT stylus
LIN2 F A f S NIL96]6TBeDkiak, $héwn Figured.6(a), uses the step introduced by taping
the substrate during deposition, shown Ifigure 4.6(b), to Angstrom precision. There is,
however, a problem with stylus prédimeters when measuring across relatively large (few mm)
lengths, namely that there is a distortion effect caused by alignment devifi®i]. This
distortion is primarily caused by small damages to the stylus tip over time and manifests itself

as an angle offset in the measured data, showRigure4.7.
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Figure4.7 is the perfect example of the tipffected distortion, observe how the blue data line

in (a) is angled with a minor curve downward. To overcome this distortion, | usadiajic

equation (ax + bx + c) fitted to the data and least squares regresgi68] to fit a baseline to

the data.A quadratic was chosen as it suits the twoshoommon scenariogsing a DektakXT

system; a) the distortion creates a parabolic effect in the measurement and b) there is a linear
offset, in which case a=Uhe baseline can then be subtracted from the original data to produce

the levelled data showmiFigure4.7 by the blue line in (b). This quadratic method is distortion

independent and can always be applied to the measured profile.

The step height indicated igure4.7(b) is calculated as the difference between the averages

of the upper and lower region. It is almost impossible to achieve a perfectly flat measurement
due to the amorphous nature of sputtered thin films producing some level of surface roughness
and the chane of a speck of dust producing spikes in the measured profile. To accurately obtain
a step height, average values are calculated over a large region in both the substrate and film
regions (lower and upper regions iRigure 4.7, respectively). Multiple surface profile
measurements were taken for each film to calculate an average value and associated error as

discussed id.4.5[199].
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Now that we have a method for determining the ITO film thickness, we can determine the film
conductivity using the Fotprobe methodh KYQa ¢ adl idSa G(GKled 6KSYy | @2

between two points in a circuit, an electrical current (I) will flow between them

- @ 9 lj dzl e

O —
Y

where the amount of current which flows is encourage by the potential differencaestdcted

by the amount of resistance (R) preseBt(ationd.5) [100]. The electrical resistance

i) 9| dzl mte

through a conductor can depend on the conductor length (L), the eesional area of the

conductor (A), and the matexi through which the current flows, which is assigned a constant
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[200]. The electrical resistivity

P 9| dzl me2

is a measure of how strongly the material opposes the flow of the current. It follows that a
measure of how easily a current flotkgough the material could be expressed as the reciprocal
2F GKS NBaralAgdAles UEhuatonkhd. (y26y a aO2yRdzOGA DA

(a)
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A fourprobe system (foupoint probe), illustrated inFigure4.8(a), consists of four equally

spaced, cdinear electrical probes. The method relies on the principle that a sharp probe
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injecting a DC current into a thin film of a semfinite hemispherical volume. The current
density Q)
L O 9 |j dz my2
Cu ‘l
through the conductive material can be expresseEa@satiord.8. Where r is the radial distance
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condition that the voltage approaches zero as the radius appraautimity, the voltage drop

o) 9 |j dzl R

¢ i
across the hemisphere can be expressedEgsation4.9. As llustrated in Figure4.8(a), the
current is injected at probe 1 and measured at probe 4 which are in a line with equal spacing (s).
The voltage at any point betweemd probes is equal to the sum of the voltage due to each

probe separately, and hence the voltage chanué)(

. "0 9 |j dzI @2
Yo — g &
¢t
between probes 2 and 3 is given Eguation4.10. However, fousprobe systems assume a
penetration thickness (Hup to a maximum of 658n for the system usedh thisresearch and

introduce a cylindrical assumption of the current density.

o S’_w 9 |lj dzI maen
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This assumption carried throudgbgquation4.8 - Equation4.10, gives an expressioEquation

4.11) for the film resistivityWhere RAa | LJ NI YSGSNJ {y26y | a aa
resistance is defined as the lateral resistance through a thin square of the material, introduced

by the fourprobe method as aize and instrument independent variable, allowing for
comparison between different samples. The sheet resistance is generally measured in ohms per

square sq.), to differentiate it from bulk resistand201]c[203].

One of the primary advantages of using a fpoint probe to perform electrical characterisation

is the elimination of contact ahwire resistances from the measurement. We used a Jandel
RM3000+ fowprobe system with a Jandel cylindrical feaoint probe Eigure 4.8(b)) to
measure the sheet ®stance of the ITO thin films and udéduation4.11 and Equation4.7 to
calculate the corresponding conductivity, using the thin film thickness measured as detailed in
section4.5.1 As with the surface profilometry, multiple measurements are taken across each
deposited film to calculate an average sheet resistance and associated standard error as

discussed isection4.4.5
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The Hall effect is the generation of the Hall voltage by the deflection of charge carriers in a
magnetic field. The Hall effect is underpinned by the Lorentz force acting on an electrargmovi
perpendicular to an applied magnetic field. The direction of deflection depends on the charge
of the carrier, so holes and electrons are deflected in opposite directions. This leads to a
distribution of charge and gives rise to the Hall voltage. Thexef$ illustrated irFigure4.9(a),

where a current is driven by a voltage source into a film under an applied magnetic field, leading
to a charge build up in thelfn that can be measured as a Hall voltaglkee Hall voltage ¢y is

given as a function of the current (I), magnetic field (B), and the elementary charge (e), and can
be used to calculate the sheet density)(n

06 9 |j dzi mheH

(¢A)

As we are concerned with measuring the Hall voltage, the sheet carrier density can be calculated
usingEquationd.12[204].

(a) l @ (b)
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The Hall voltage is typically measured using a Van de Pauw contact configuration, illustrated in
Figure4.9(b), where arbitrarily saped ohmic contacts are placed in the four corners of the
sample. The object of the Van de Pauw configuration is to measure a sheet resistance, though
as can be seen frolquatiord.13, for a known sheet resistance it can be used to determine the
electron mobility[110], [205]
. P 9 |j dzI mb20
Y
The bulk carrier density (n) can be calculated by multiplying the measured sheet carrier density

by the known film thickness (t).
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We used an Ecopia HMBB0O Hall measurement system and Van de Pauw contact method with
a magnetic field of 0.56T to determine the electron mobility and bulk carrier density using
Equation4.14. As with all previous measurements, multiple measurements were taken to
calculate average values and use a standard error of the mean error analysis as discussed in

4.4.5

ndpdndwlk & 5A0GNI Osaz2y

Xray diffraction (XRD) is a nakestructive analytical technique used to analyse the phase
composition, crystal structure, and crystal orientation of materials, and can be used to look at
the crystalstructure of thin film materials. XRD is the result of constructive interference between
x-rays and the crystalline structure of the target material. Given thatys of similar order of
magnitude to the distance between the atoms in a crystal latticedpoe a diffraction pattern,

S Oly dza8S . NI} 33Qa flg G2 [RogIrteasS GKS ONRBAGI
Since electron mobility can be considered the measure of how quickly an electron can move
throughthe semiconductor in the presence of an electric field, we thought it worth examining
the crystallinity of the material. One would expect a highly crystalline material to exhibit high
electron mobility, while a polycrystalline material would exhibit adownobility, due to the
presence of transport impeding grain boundaf&7], [208] As such, we expect the ITO films
that exhibit low mobility to also show a decrease in film crystallinity. We collaborated with Dr
Stuart Cavill, at York, who specialises in XRD to measure the crystallouty0éb, 5%, and 20%

oxygen flow sputter deposited ITO films.

n®p &podf SOG NR Olc¢o EtLISINIY S/ $id |  w!

It is well understood that the free carrier density in ITO arises from oxygen vacancies and tin
donors[209], with the former found to make the dominant contribution to the conductivity due

to the two-electron contribution compared to the singiectron contribution of tin donors
[210]. We expect the conductivity to dease with a higher oxygen content in the material due

to the filled oxygen vacancies.
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The sputtered ITO films were investigated electrically as a function of oxygen flow. The sheet
resistances and free carrier mobilities measured using the-pmlye and Hall probe methods
discussed in this section are showrFigure4.10(a). Usind=quationd.7, Equation4.3, and the

measured film thicknesses, | was able to calculate the corresponding film conductivity and free
carrier density, shown iRigure4.10(b).
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Figure 4.10 confirms the expected result, namely that increasing oxygen flow and oxygen

YyRdzOs @A GE | YR Fdzy Oa 2

concentration during deposition decreases the conductivity of the ITO and retheeverall
carrier mobility. This is expected due to the increase in carrier dergstysed by the increased
oxygen incorporation, i.e., an increase in carrier density reduces mobility and increases
resistance. This behaviour is observed in the literatlifee conductivity increases again above
10% oxygen flow, which we associate with ighler number of substituted tin ions with
increasing oxygen flow, providing additional carrier contributions, indicated by the sudden
increase in the green and orange lined-igure4.10(b). The conductivity saturates beyond this

limit due to an equilibrium state of the oxygen vacancy contributions and the tin ion
contributions.

The results of the XRD data are showrkigure4.11(a), with the Miller indices indicating the

observed diffraction planes of the Ia3 cubic space group. The visible peaks for the (222), (004),

and (440) planes match the literature Bragg angles for sputtéf€j211], which serves as a
nice confirmation that there is oxygen present in the deposited material.
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The degree of crystallinity is determined from the width of each refleqtiesk Eigured.11(b)-
(d)) and the narrower the diffraction peak, the more crystalline the ITO and the larger the

average grain size, as showntbyuatiord.15. The average grain size 0

T8y 9 |j dzl mRep

can be expressed as a function of the incideavelength €), and the full width half maximum

(FWHM) of the respective reflection and Bragg anglé (¢
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An increase in carrier mobility translates to an irage in he crystallinity of the ITO because
mobility is higher in a pure monocrystal compared to a polycrystalline film. Looking at the
decrease in mobility with oxygen concentratioRigure4.10(a)) and the broadening of the
diffraction peak with oxygen concentratiofi@ure4.11(b)-(d)), this effect is exactly what we
observe. Th more oxygen is incorporated into the ITO film, the poorer the crystal becomes and

the lower the mobility The average grain size of the samples showigare4.11is represented
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in Table4.3. The grain size is seen to decrease with oxygen incorporation, further aligning with
the mobility trend, i.e., the higher the oxygen imporation, the smaller the grain size and the

carrier mobility as there are more grain boundaries to impede the movement of carriers through

the material.
¢l oS ! SNF IS INIAY ANRSHIFARYRAGESNEB®RGZOMNBAGF ¥ R2 1 x>
Full Width Half | Average Grain
O Flow Conductivity Orientation
Max Size
[%0] 0 U of [au] (FWHM) [°] 010 WY
(222) 0.246 + 0.001
0 1300 £ 200 54.3+0.9
(440) 0.261 + 0.006
(222) 0.29 +0.02
5 21+1 45.7+0.5
(440) 0.313 + 0.002
(222) 0.361 + 0.007
20 57 %5 345+0.9
(440) 0.389 + 0.009

To compound these findings with the annealing time and temperature dafatie4.2, we see

that annealing ITO is critical for achieving highly conductive films. The polycrystalline structure
of the annealed ITO films is caused by the relaxation of distorted bonds in the amorphous film
and a reduction of impuritie$210], [212] In the literature, it is reported that ITO has a
crystallisation temperature of 40C [213], and we found tht with our equipment, a
temperature of 500C for 1 hour in an oxygen environment was sufficient to increase the

conductivity to a local maximum.

noecEPSTESNYAYAY I hLl OF f
I have discussed how we measured the electrical properties of ITO, but tatdgwdetermine

the optical properties, we decided to use a 1D resonant grating, allowing for a guided mode
resonance (GMR(section2.3). To relate the opticalesponse of the grating to the complex
refractive index, we need to know the grating dimensions: grating thickness, grating period,
grating fill factor, and film thickness. The optical resonance, combined with these grating
parameters, allows us to use rigms coupledwave analysis (RCWA$ection 3.2.1) to

determine the complex refractive index.
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thiim

t. Borofloat 33 (SiO,)
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For the RCWA miulations of a 1D periodic structure, we need to know the parameters
illustrated inFigure4.12. We can assume that the substrate thicknesg)(is infinite due to the
confinement of the light within the ITO layer. | have already discussed how we can measure the
ITO film thickness ) in section4.5.1, and hence | will discuss in this section how we can

measure the period (a), fill factor (ff), the grating thicknegs &nd the pedestahickness ().

noc dMXINI ay 3 t NRPUf 2YS(NE

While we already know what the ITO film thickness is, as discussedtion4.4.4the grating

etch is not perfectly linear ahthe grating may not be fully etched through to the substrate. This
leaves a pedestal layer of ITO beneath the grating that shifts the optical resonance.
Unfortunately, the lateral resolution on the Dektak instrument is not precise enough to resolve
nanomnetric structures, so we need to use a different technique. We chose to use atomic force
microscopy (AFM) to determine the grating thickness and to yield an estimate of the grating

period and fill factor.

AFM systems achieve surface topography, and other sensing techniques, using an extremely fine
tip on a micromachined probe, which is used to scan across the surface line by line in a process
1y26y Fa AaNIaGSNI al0lyyAy3é o (skaSsodhted witliSthel ¢ 2
G§SOKYAIldzSs aO2y il Odé yR il LIAYyIE Y@aaR@eE 6KS
interaction. The AFM tip is attached to a small cantilever to form a spring and, as the tip scans

across the sample surface, the cantileb&nds indicating a tigample interaction force. The
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bending is detected using a laser diode and the deflection corresponds to a measurement of the
surface topography. In contact mode, the tip is pressed into the surface and Hsartiple
interaction foice is electronically monitored to keep the deflection constant throughout the
scan. In tapping mode, the contact between sample surface and the tip is limited to protect both
from damage. The cantilever is, instead, vibrated near a resonant frequencyxittite a
sinusoidal motion. The motion of the tip is then altered by electrostatic forces in theatigple

interaction to yield a topographic measuremggfi4].
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To measure the grating etch depth, we used a Bruker BioScope Resolve AFM witma2ad

size with 512 lines per scan at 0.999Hz scan frequency and a Bruker RTESPA300 tip operating in
tapping mode. The scamsoduce a topography as shown Figure4.13(a). To calculate the
grating thickness, two regions of interest are selected (a lower and an upper regioayenade
values across the lateral position are taken. This method, in conjunction with the standard error
on the mean methodgection4.4.5 produces two values; lawer value for the bottom of the
grating and an upper value for the top of the grating, both with associated errors. The grating
thickness is then calculated as the difference between the two regions and an error calculated
using standard quadrature metlals (Appendix sectiorf.1.2) [215]. The result is a grating
thickness as shown Figure4.13(b), shown in thébox at the bottom of the figure and the figure
caption, and a calculated pedestal layer thickness, i.e., the remaining ITO film beneath the
grating is calculated from the difference between deposited filmmkhéss and grating thickness

measurement§199].
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An estimate for the grating period and fill factor is determined from the AFM measurements by
taking the distance between ridges and the centre of the sidewalls, respectively. As is typical of
AFM measurementghere is a component in the lateral position resolution that comes from the
tip, and thus requires a complex deconvolution of the tip function and the measured
topography. To complement the AFM measurements, and to get a better understanding of the

grating period, we use a different method employing Fourier Transforms.

noc PHCR dzZNA SNJ t SNA 2R aSiK2R

To increase the resolution of the AFM, and to determine the grating period more accurately, we
decided to use a scanning electron microscope (SEM) in conjunctiorawithurier transform

image analysis technique. An SEM uses electrons instead of light to form an image and yields a
significantly higher resolution to image closely spaced structures. A beam of electrons is
produced by an electron gun at the top of the neiscope, which is then focused through a
vacuum by electromagnetic fields and lenses just as in electron beam lithodisguityn5.1.3).

The focused electrons hihe sample and produce primary/secondary backscattered electrons

and xrays that are detected to produce an ima@4d6].
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We used a JEOL JSBDOF Prime scanning electron microscope to capture high resolution
images of 1D periodic structures fabricated in ITO, with an example of these images shown in

Figured.14(a). The SEM produces both an image and log file containing the image size (without
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the border) and the pixedlistance ratio, indicated visually by the small white bar at the bottom
of Figure4.14(a). The pixetlistance ratio is important because when we take the Fourier
transform of the image we obtain a frequency as a function of the {3sipate, and we want to

obtain a physical distander the grating period.

The pixel intensity is taken rewise, Figure4.14(b), with 960 rows per image allowing for
average frequencies and standard error on the mraatment of the frequency errorséction
4.4.95. As can be seen in boffigure4.14(a) and (b), the edges of the grating appear brighter
(white in greyscale), which indicates surface curvature altering the scattering profile of the
incident electrons. The resulting edge effect on the pixel intensity introduces extra freggenci

in Fourier space, thus increasing the noise of the measurement.
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Fortunately, the difference in pixel intensity between the edges of the grating and the top of the

grating is minimal compared to the contrast of the bottom of the gratiRigyre4.14(a)). As

such, we can implement a threshold algorithm that looks for a change in pixel intensity greater

than the standard deviation of the input signal. This removes extra frequencies isgdduy

the edge effect, without altering the grating parametdfigure4.15(a). The grating period is

then found by taking the inverse Fourier transform of the domirfaequency in Fourier space

(Figured.15(b)) as a function of the pixelistance and image width (sample size), i.e., the peak

corresponding to the dominant frequenayreal space, which is the grating period and the usual

inverse Fourier transform treatmefi217].
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The gratings fabricated in ITO exhibit a guided mode resonance (GMR), which | have discussed
in more detailin section2.3.1 When illuminated with a white light source, the gratings produce

a Fano resonance, i.e., an asymmetric -Bh@ape caused by the interference betwed#me

varying thinfilm response and the Bragg resonand&e resonance position is determined by

the grating dimensions and the refractive index of the grating material. Around the resonant
wavelength, the background scattering amplitude varies slowly thedresonant scattering

amplitude changes quickly, producing an asymmetric line profile.
QO ©
9 |j dzl oy

In general, the interference of states that causes a Fano resonance ocdhes absorption
spectrum f(E) as a function of incident energy (E). The Fano equ&iipmt{on4.16) can be
described by the Fano parameter (q), which is an expressiahe phase shifti() of the
continuum@ AT10),m ¢O O Tswheregandm I NB (KS NBazyl yOS ¢
NBaLISOGA@Stes * AaoF vOFE(I&EMIWOiA2y Oz2yaidlyidx
Sample
el stoge
N

Objective
Kéhler
Lens

Beam

Splitter Halogen Source

Polariser

Beam

Camera "
Splitter

Spectrometer

CAJdmeNB h Ll OF f &S { dzLNBMm2ND v 1 SdzNRFy B diAkS R Y2 RS NB a2y
a0 NHOGdzNBa Ay Leho

The Fano resonance response of the ITO gratings is measured using the setup illustrated in

Figure4.16. The samples are illuminated with a collimated and polarised halogen light source
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being focused onto the badkcalplane of a 4x objective. The reflected signal is collected and
focused into a spectrometer. Samples are aligned in thel foél view using a camera. The
measured spectra are normalised to a background intensity, achieved by placing a mirror on the

sample stage.
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An example of the normalised spectra produced by the ITO gratings is shéigure4.17(a).

The spectraare normalised to the background measurement with respect to individual
integration times, i.e., the integration time is maximised to produce a strong peak signal and
accounted for in the normalisation process. The region of interest is then trimmed tinthe
resonance peak, as shownhigure4.17(b), to allow for fast processing. The Fano resonance,
Equation4.16, is fitted to the resonance peak using nonlinear regression of the peak width,
resonance position, peak amplitude, and the Fano parameter. The result is a peak wavelength
and associated error calculated using the a@ace matrix method4.4.5. Data is captured for

both transverse electric (TE) and transverse magnetic (TM) excitation, controlled with the

polariser inFigure4.16[219].
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Here, | have employed S4 to determine the complex refractive index components (n and k) of
ITO from the measured grating parameters and experimentally measured Fano resonance

response. As | have discussed both GMR and RCWi#helse | will instead focus on how the

simulation is constructed and how | use the tool to determine n and k.
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An illustration of the simulation is shown kigure4.18, where the grating parameters are as
detailed earlier in this section. The Cartesian coordinateesyss set up such that the figure is
drawn in the xz plane with y into the figure, the grating is illuminated from the top down, and
hence reflection and transmission are measured from the top and bottom respectively. Each of
the grating parameters, inatling n and k, have the potential to drastically change the position
of the resonance in the spectrum. Given the volume of potential parameters, | used the S4
simulation to produce estimates of the grating parameters using a linear regression algorithm
to optimise the structure and optical properties to values as close to true as is possible, and we

then adjusted manually where required.
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The linear regression of a multivariable systexh ¢an be achieved using the Rosenbrock
function Equation4.17), utilised by manysoftware tools to find the global minimum of the
parabolic valley of the functiof220]. This can be solved using the BroyddetcherGoldfarl
Shanno (BFGS) algorithf221], which is a quasdilewton iterative method. Essentially the
algorithm comes down to finding a minimum (ideally, zero) of the differential function, the

Hessian functioi222], of the Rosenbrock function.

The process required several simulation variables, constants, and a figure of merit to be reduced
in the regression algorithm. To begin with the variables, these were: the refractive index (n),
extinction coefficient (k)grating fill factor (ff), grating period (a), grating thickneggs é&nd film
thickness (fim), where the waveguide thicknessd}is then calculated as the difference between

film and grating thickness values. All the structural grating variables giees starting values
informed by the measured values discussed in this chapter, with upper and lower limits
determined by their associated error)(on the order of a 10 NI y 3 S dstinfatied foddh A y 3
and k were taken from literature values for ITZ23]where the boundary conditions are placed

at the extremes (1£.5 for n, and 0.0002.5 for k).

The substrate material is assumed to be glass, with no loss and atirefraxciex of 1.4995],

and is assumed to bmfinite in all directions. This is an assumption based on the relative
dimensions between the incident light (4A®00nm) and the physical substrate thickness (~5
mm). The grating cover, providing the index contrast in the grating for resonance to @ccur,
assumed to be air, with no loss and an index {#24]. The coveltayer is also assumed to be
infinite in all dimensions and is set to fill the grating gap4. operates based on Fourier
factorisation and requires a set number of spatial harmonics which are not indicated in the
schematic. For 1D structures, 21 spatiatrhanics is sufficient to achieve suanometre

resolutionfor the TE mode and 35 spatial harmonics for the TM mode.
S4 uses the complex material permittivity.())
-1 -] Q7 9 lj dzl mRRy

which is a function of the reat(- )) and imaginary componentsi )) as shown ifEquation
4.18 where the components can be expressed as a function of the refractive index (n) and

extinction coefficient (k) as detailed Equation4.19.
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Hence, while | discuss the optical constants and variables for the cover, grating, and substrate

layers, the snulation uses the complex permittivities to calculate the resultant resonance.
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The Rosenbrock regression function figure of merit, showRigure4.19(a)(b), is calculated
from the sum of the Fano resonance equation for both simulation and experimental resonance
peak, and the overlap integral of the two curves. The former is calculatduieasqtiare of the
difference between the Fano equation parameteFiglre4.19(b)) for both the experimental

and simulation Fano responses; the latter is calculateti@square of the difference between

the two intensity curves. The combination of two fitting methods in the Rosenbrock function
has the effect of dramatically increasing the figure of merit when there is-titieo correlation
between the two spectra,drcing the software to drastically vary the input variables shown in

Figure4.19(a), which results in the spikes observed in the black lifgguare4.19(a)(b).
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As the two errors are added up to produce one figure of merit for the algorithm, the chance that
a good Fano resonance fit would dominate and produce a good peak elsewhere in the spectrum
is limited, and an equally a goodexlap and bad resonance cannot dominate. However, as
shown inFigure4.20, a situation may occur whereby the fits and peak positions are good, but
the overall correlaibn is not. In this instance, we require manual adjustment of some of the
input variables to obtain accurate values. Overall, this method is far quicker than adjusting the

input grating parameters manually from the outg225].

In Figure 4.20 specifically, it is the extinction coefficient (k), largely responsible for the
absorption loss, which is the parameter that the algorithm has failed to optimise, thus resulting
in a larger peak amplitude than expected. We found this error to be a contread amongst

many of the gratings in ITO and realised that there was more than just absorption loss in the
experimental measurements. The simulated gratings are considered perfect, but the
experimental measurements will have an additional scattering dossponent due to surface
roughness in the ITO and any minor imperfections in the gratings. To account for the scattering
loss, we used the experimental peaks for the Joss ITO material and took the amplitude
difference, which is more sensitive to scattey than the sharpness (factor) of the peak, to
perfect reflection of the peaks and assumed that the loss exhibited by these gratings was due to

scattering losses.
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The final step in determining the Drude equation parameferdTO is to combine the electrical,
optical, and simulation measurementskiguatiord.1 and to determine the collision frequency,
effective electron mass, and highequency permittivity. To achieve this, we calculated the
expected Drude permittivity values for the measured films, at specific frequencies, and then use
nonlinear regression with the measured electrical properties to determine the remaining

unknown valies.

noT dvd2 Yy f AYySEN wSaNBaaarzy aS(
The key to this technique is that we only know the Drude parameters for the ITO films at the
resonance frequencies of the ITO gratings, yet we want to determine the properties across the
full spectrum. | us&quation4.19 and the measured values n and k from the S4 simulation to
calculate the real and imaginary components of the Drude permittivity at the resonant
frequency measured ugithe Fano resonance 46.3 The errors in the optical measurements
then give an upper and lower limit in the permittivity for the nonlinear regression algorithm
¢l onts 9t SOGNRAOLFE LI NI YSGSNBE RSGSNXYAYSR o0& (G(KS yz2vy
O2NNBalLRyR (2 GKS YSIadiNBR 2Ll Oltf NBalLlRyaSa TNRY

O, Gas Flow| Sheet Resistance Conductivty Electron Carrier Density
Mobility

[%] (R [wsq] (") [S/cm] (>) [e?/Vs] (n) [en]
(x10)

0 38.4+0.5 1300 %= 200 282 280+ 70

5 1940 = 30 21+1 24+3 45+0.2
20 710 + 30 57+5 1.1+0.7 13+6

27 1120+ 20 363 14+0.9 8.0+0.9

The regression algorithm uses the Drude functiBguation4.1) with the measured electrical
properties of the ITO films shownTable4.4. The errors in the electrical measurements provide
the bounds of the nonlinear regression, allowing only minor variations in the measured
parameters. Regarding the unknown parameters of thkision frequency, the high frequency
permittivity, and the effective electron mass, these are given starting values from the literature

[188]of 180THz, 0.35, and 3.9 respectively. The bounds placed on the unknown parameters are
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set to sensible error ranges: a few orders of magnitude, 0.2, and 2, tasggrthese bounds

were set through experimentation and could vary depending on matgz4).

n ot PHSINHZRER LISiNS Sal S aaA 2y wSadz G4

Only oxygen concentrations of 0%, 5%, 20%, and 27% flow had gratings fabricated in the ITO
films and are, therefore, the only oxygen concentrations that could be included in the Drude

permittivity plots. The results of theamlinear regression to determine the Drude parameters

are shown irFigure4.21.
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Figure 4.21 shows how diffeent the dispersion curves turn out as a function of oxygen
incorporation during deposition. It is not as simple as x% yields a plasma frequency of y, or a
high frequency permittivity of z. Each concentration of oxygen yields a different set of Drude
paranmeters. To better understand the effect of the oxygen flow during deposition on the Drude
parameters, | have summarised the resultsTable4.5, where the error valueare calculated

using the covariance method discussedéttion4.4.5
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4. Characterising Indium T{Dxide
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O, Gas Flow Effective Electron High Frequency | Collision Frequency
Mass Permittivity
[%6] (me’) [au] (5¢) [au] (M [THz]
0 0.5+0.3 43+04 147+ 4
5 04+0.3 53+05 993 +2
20 0.5+0.3 54+0.6 3900+1
27 0.5+0.3 53+04 1478 +1
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The effective electron mass, defined as #ygparent mass of aelectronin response to an
electric or magneticfield, is related to the real component of the material permittivity. One
expects the effective electron mass to be higher in a material with a higher carrier dexsséty
increase in carriers produces a large potential in which the electron madveariationin
effective electron mass has a similar, though inverse, effect to that of the electron mobility,
shifting the epsilon near zero point to shorter wavelengths as the mass decr&dsashserve

this trend, in that the effective electron mass, and carriensity, is at a minimum for the ITO
film with the lowest conductivityThe literatureassumedralue of 0.35 is within the error range

of our result, though as the effective electron mass can move the ENZ points to shorter

wavelengths, we note that it is important not to assume its value.

The highfrequency permittivity, the real component of theepmittivity at short (ideally, zero)
wavelengths is determined by the bound carriéfke assumption made by most authors is that
the high frequency permittivity is constant for all ITO films with varying carrier concentrations.
This assumption is cleardn oversimplification. We show that the electrical behaviour of ITO,
determined by the oxygen and tin content of the material, affects the value of the high
frequency permittivity drastically. The value, while not affecting the ENZ point, where many
authors like to operate, affects the real and imaginary components of the complex Drude
permittivity, and therefore is an important parameter to determine when operating in the

visible spectrum.

Finally, we have shown that tleellisionfrequency assumed in thditerature to be 180or 0THz
in the literature, increases with oxygen content. We note that the high frequency permittivity

has an inverse relationship with carrier mobility, which is to be expected as an increase in carrier
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4. Characterising Indium Tin Oxide 4.8. Summary of the Investigation

density is likely to lead tonore collisions between carriers and thus disrupt the motion of

carriers through the material.

We note that all the Drude parameters significantly affect the Drude permittivity dispersion, and
simply assuming the values of any of the parameters couldtteamnificant errors in expected
performance and device desigdsingthe quadratureformulationwith the regressiomesults |
estimate a 2.2% error in the fits shownRigure4.21. We can use the method presented in this
chapter to determine the optical and electrical properties of ITO going forward, and | will use
this technigue to characterise the ITO used in my MOS EO mod(dattiion5.7.2).

While the experimentally determined real and imaginary dispersion trends shokigune4.21

are representative of those obtained by ITO ellipsometry reported recently in the literature, it
would be remiss not to comment on the validity and adaptability of the methodology discussed
in this chapte80], [188] Variable angle spectroscopic ellipsometry (VASE) alternative and
robust measurement technique that has frequently been used to determine the optical
properties of ITQ227]c[229]. VASE can provide insights into the graded nature of ITO, which
our method cannotalthoughas with our modelVASE requires material parameter assumptions
and a similarly detailed, albeit in a different field, leveluniderstanding and knowledge to
obtain the resultsFor a device application, such as the 1D periodic structures examined here or
the modulators dicussed later in the thesis,is more practical to consider the effective index

of the material, which our method readily provid&imilarly, we believe that this technique is

of interest to other members of the transparent conductive oxide fansilichas the crystallinity

of zinc oxide films as a function of oxygen concentration during depogRi®®] or the high

frequency permittivity of gallium zinc oxide a function of the deposition conditiof&31].
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Chapter Synopsis

This chapter presents my development of the fabricatmethods required to create the
electro-optic modulators discussed in this thesishave already discussed the design and
simulated the dimensions required to achieve a meteildesemiconductor (MOS) electmptic

(EO) modulator based on the epsitararzero (ENZ) behaviour of indium tin oxide (ITO).
Simulated structures, however, very rarely translate their behaviour to real structures without
a deep understanding of the available fabrication techniques and the respective limitafioms.
creation of theMOS EO modulator in this research required a knowledge of the material and
optical theory and a creative problesolving attitude to engineering on, at times, the
nanometre scale. Without the multitude of techniques discussed in this chapter, the modulato
could not have been realiseth this chapter | will discuss the fabrication and characterisation
techniques used to create the MOS EO modulaktany of the individual protocols are either

well documented or known amongst the wider reseagroup butrequired adapting for the

materials | used or optimising to achieve the shapes, consistency, or dimensions required.

Therefore, | would li&to acknowledge the Photonics Research Group at the University of York
for the foundations on which | could develop myotocol. | would also like to acknowledge
Christina Ingleby for her assistance with the enthalpy calculations later in the chapter.
Throughout this chapter I will use a specific terminology to distinguish between different aspects

of the fabrication proess, which | have summarised below.
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5. Fabrication Methods 4.8. Summary of the Investigation

Terminology

Wafer refers to the industrially manufactured substrate materials, irrespective of which
materials this may refer to, all the wafers discussed in this chapter are commercially
manufactured. Sample refers to B5x15mm square of the wafer whilst still being
processed. Chip refers to the final 5x15mm cleaved sample on which the modulator is

fabricated.
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The primary design of the devicdlustrated in Figure 5.1(a), includes the following,
approximate, thicknesses and dimensions, discusssddtion3.5, on the order of width 3>m

and thicknesses for the waveguide 1%, semiconductor 108m, insulator 20im, metal 100
nm. The choice of materials from a design perspective is discussatttion0, while here, |

discuss the choice of materials from a fabrication perspective.
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To achieve the structure shown frigure5.1(b), several lithographic patterning steps are
required. Lithography, which will be discussed more in this section, is a process used to create
structures in the horizontal plane, often referred to as patterning. In my research | have used
photolithography, which is a subsection of lithography in which photons define the lateral
structures, and electron beam lithography (EBL), whereby a beam of electrons defines the lateral
structures. There are several steps involved in the lithographygsthat will be discussed in

this section from both an EBL and a photolithography perspective.

pPOPMOPMAILI AOFa2y 2F t K202NBaA3:

Photoresists are typically loAthain polymers containing a photon or electron sensitive
chemical which, when exposed, reacts tther weaken or strengthen the polymer. The reaction

to exposure is dependent on positive or negative behaviour respectively, where a positive
photoresists is weakened in the exposed area and a negative photoresist is strengthened in the
exposed area and toth instances the weaker bonded polymer is removed during development
[232].

(a) (b
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Lithography resists can be applied to a sample either through spin coating or spray coating,
where the former is preferential due to the uniformity offered over larger af@&4], [235] In
spin coating, the saple is held in place using a vacuum stagigyre5.2(a), and the solvent is

dispensed on to the sample and spun at high speeds to evenly distribute the resist theross
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surface. | apply the resists using a pipette, to create a droplet of resist across the sample surface.
This droplet should cover the entire surface of the sample, as it is always better to have too

much photoresist than too little.

The sample is therpsin at a speed that will yield a desired film thickness, as dictated by wetting
properties and the viscosity of the resist; a typical set of spin speed vs thickness curves is shown
in Figure5.2(b), taken from the S1800 series datashg33]. Once the resists have been spun,

the samples are placed onto a hotplate to allow the solvent to evaporate. This process is known
as a soft bake as it remes as much solvent as necessary while maintaining a viscous, exposable

layer.

Once the photoresists have been applied, the samples are covered with foil to block external UV
light predevelopment; while this is strictly only necessary for optical resigit EBL resists),
the practice was maintained throughout this work, as it also minimises contamination from dust

and moisture.

pOMPH/ARYY2Y { LAY [/ 2Flay3d tNRoOfSYA

A common problem with spin coating resists is that, as the resist approaches the edge of the

sample surface tension prevents fluid flow and results in a thicker resist layer at the edge of the

Ak YL ST (y26y d GSR3IS 0SIRaéd 2 KAf BxpasdlA & STFFSOI
areas on the sample edge, as thicker resist requires higher ex@obaminimise the effect of

this edge bead effect, it is good practice to ensure that any structures that require a high level

of precision during exposure are placed near the centre of the sample, thus promoting an evenly

distributed resist layer in thearget area.

Another problem is known as the comet effect, where debris on the surface of the sample can
cause the resist layer to streak across the sample surface as the debris moves under the
tangential acceleration of the spin coater. To avoid thifect samples should be cleaned
thoroughly prior to spin coating and kept in a laminar flow cabinet. To reduce the comet effect

further, samples can be sprayed with higlessure nitrogen prior to resist application.
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EBL is @op-down nanometrescale patterrtransfer fabrication technique, with significantly
higher resolution than UVL, which typically operates on the microrstede[236], [237] EBL
systems use magnetic lenses to produce a fine beam of electrons, and then steer the beam
across the sample electrostatically within a fixed exposusaaknown as a writefield. It is
common for EBL systems to have an interferometrically controlled stage that allows the system
to stitch multiple writefields together to increase the maximum exposure area. The Raith

Voyager system we use has a writefigltesof 500>m and a stitching accuracy of-30 nm.

EBL requires the use of specifically designdm@am resist and, in the case of patterning a
dielectric, a complementary charge dissipation layer to prevent the tugldf charge on the
surfacenegatively impacting the patterning. EBL is capable of its nanorsette feature sizes
due to the nature of accelerated electrons, namely the wpaeticle duality, where the

wavelength

0 9 |j dzl phe
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n av
is governed by the de Broglie relationshipqation5.10 > ¢ KSNB K Aa tfFyO7 !
linear momentum, m the electron massankc the kinetic energy of the electron, andthe de
Broglie wavelengthlUsing the appropriate literature values and the kinetic energy of the Raith
system (5keV), the de Broglie wavelength is approximatepnt
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The electrons pass through a uniform circular aperture, and therefore experience Airy diffraction

where the first minimum is given tyquation5.2, where NA is the numerical aperture given as
a function of the aperture (D) and focal length Epr the Raith system we use, with apertures
on the order of 10s of micrometres and a focal length of approxingét®@mm, the NA is of the

order 2x1@, resulting in a spot size of ordentn [238], [239]
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(a) (b)
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The Raith system would form a spot this size d@aee substrate, but when incident on a resist

layer, the electrons scatter both within the resist layer and in the substrate leading to a reduction

Ay NBaztdzZiAz2ys 1y 2 6[240] [241]THe BroximityNeBeEt As Visilated I8 T F SO ¢
Figure5.3 where the scattering is shown in)(@nd the resulting exposure is shown in (b). The

electrons are accelerated at a high velocity, allowing them to travel fully through the charge
dissipation layer and resist, where backscattered electrons and secondary electrons caused by

the interaction with each layer interact as illustratedrigure5.3. This interation dictates the

minimum feature size, which for the Raith system is on the order afhlOThe exposure dose

is determined by several factors; acceleration voltage, spot size, and beam dwell time which can

all be controlled to optimise the dose for tharget resist and resist thickness.
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U\-lithography (UVL) is a tegiown micrometrescale patterrtransfer fabrication technique
utilising narrowbandwidth UV light to impart energy into a photoresist to change its chemical
properties Unlike the EBL technique, the UVL available at York uses d#&aadmovingstage

system to allow large areas to be exposed in a relatively short time. The Kloe Dilase 650 system

we use has a stage size of 6 inches and can expose accurately betweeh@amms? [237].
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(a) (b)

Photoresist Photoresist Exposed Area
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UVL is common practice in photolithography, with many specific techniques includingashekp
extreme UV lithography at very short (~100s o&nmometres and ~10s of nanometres
respectively), but most UV emission lines of interest are in the48@hm range. The shorter
wavelengths, as with EBL, are more desirable due to smaller diffraction effects leading to greater
spatial resolution. UVL phatesists are typically designed for use in a set wavelength range, and

it is therefore important to match the resist to the exposure wavelen&imilarly,to EBL, the
focussed UV scatters on interaction with the photoresist layers and substrate to praduce

angled exposed area via the proximity effect as illustratefigures.4(a) and (b).

The Kloe system we use has a wavelength of I8%5 focussed using aaperture and 10x
objective lens. The optics and wavelength can produce a spot size betwEenrd while the

stage is stationary, where the spot size can vary with stage velocity. Exposure dose is determined
by several factors; the)V sourcenodulation pover (0-100%), the stage velocity-@0mms?),

and we can add a neutral density (ND) filter to the aperture to further reduce dose. In this work,

| use UVL in conjunction with a bilayer lift off process which is detailed in sécBich

PpOMPPSIS PSSt 2 LIYSY

Exposed positive, and unexposed negative, photoresist is highly soluble in a chemical developer,
which is often specifically designed by the manufacturer to dissblwedsist. The difference in
solubility between the exposed and unexposed areas can be several orders of magnitude
depending on the resist, leading to sharp edges created-gegtlopment[242]. Developers

are specifically chosen to complement the photoresist, though typically contain a weak solution

of sodium hydroxide, potassium hydroxide, or tetramethytaomium hydroxide, where the key
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difference is the content of metal ions in the developer. Metallii@msed developers are typically
not compatible with MOS devices due to metal contaminants and the potential for salt deposits

on the sample surface. Henceid important to choose a suitable developer.

poOMPctdK2G2NBaAAld hdzi3alF aaAry3
Photoresists can produce outgassing when subjected to heat or plasma during a thin film
deposition under vacuum conditions. This can occur when the photoresist is not sufficiently hard
baked (sectiorb.1.7) as there remains some solvent within the resist even after exposure and
development. Outgassing will increase the scatter rate of deposited species and, potentially,
cause uneven build up on the sidewall of thgpesed photoresigtl47]. A similar concern arises
from the content of the outgassing during reactive deposition techniques, which are discussed
in section5.2. Outgassing introduces a reactive species into the vacuum chamber during
deposition and may present a possible reaction between the outgassing solvent and deposited

material.
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Hard baking, as with soft baking pesgiin coating, is a process designed to remove any
remaining solvent in the photoresist. Typically, this process results in an increased chemical
resistance and mechanical strength of the photisesind is performed after the patterning
process is complete. Baking above ~I2@esults in a reshaping of the photoresist and aids in
smoothing sidewalls and rounding corners of the remaining resis8 SWf particular interest

for this research ashe result is a gladike material that is chemically inert and structurally
strong enough to withstand further processing.-8$ discussed in more detail in sect®B.l,

but becomes very difficult to remove once hard baked, to the point where aggressive organic

removal technigues are required, such as Piranha cleaning (sé&ctdh[243].

154



5.2 Thin Film Deposition 5. Fabrication Methods
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A MOSEO modulator, such asigure5.1(a), requires at least 2 layers that cannot lpurs,
exposed, and hard baked into place; namely the semiconductor and electrical contact layers.
These layers need to be deposited using a physical vapour deposition technique such as

sputtering or evaporation.

poOH d®MAKE AA Ol f =+ LJ2dzNJ 5SLI2&A a8 2

Physical vapoureposition (PVD) techniques, involves the vapour phase deposition of a solid
material at a controlled rate. PVD techniques include thermal evaporation and sputter
deposition, where the distinction is the energy used to vaporise the solid material. Asriiee na
suggests, thermal evaporation techniques involve the transfer of thermal energy to the solid
material and, as such, should not be used with materials where the deposition temperature can
affect the resultant thin film. Sputter deposition is a cold dapos technique as the exchange

of energy is due to a bombardment of high energy partiflds].

| use a sputter deposition technique to deposit thin filmsrafiim tin oxide (ITO), due to the
thermal sensitivity of the material reported in the literatuj244)]. As for the electrical contacts

to the MOS capacitor, which are predominantly gold, a thermal evaporation is more appropriate.
The justification for this decision is detailed in sect®2.9 but here | will detail both

techniques.
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Sputtering is a thin film deposition technique common in the fabrication of semiconductor and
optical devices and can be considered a sublimation pro@ssghe solid material is turned
directly into a vapour without melting. | will give a brief overview of the sputtering process
performed on the bespoke pulsed direct current (DC) reactive magnetron sputterer available to
my research group at York, showigure5.5(a). A schematic of the bespoke system is shown in

Figureb.5(b) andis explained below.
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Sputtering is the process of removing surface atoms from a target material through the
bombardment of high energy inert gas ions, due to an exchange in kinetic energy between ion
and target atom. If the kinetic energy of the ion is larger than the bindimegrgy of the atom,

the target atom is ejected upon collision. Momentum and energy are always conserved during
the process. A negatively charged sputtering target allows free electrons, within the target, to
flow away from the cathode and in to the nesurface region irFigure5.5(b). An injected inert

gas, typically argon, is present in the same region. Collisions between the target electrons and
outer shell argon @ctrons, and the conservation of momentum, results in positively charged

gas ions (a plasma).

The resulting plasma is accelerated toward the target due to the potential difference between
the dark space shield and cathode. The positively charged ions timpaa the negatively
charged target and eject surface atoms at high velocities, through the exchange of momentum,
towards the anode. The ejected target atoms are projected across a vacuum chamber towards

a substrate, where they condense and form the dagithin film[245].

Sputtering is an inherently omnidirectional process and can have a low #argién yield[102].

To improve efficiency, our bespoke systentigure5.5(b) includes a nose cone aimed at the
rotating substrate stage. Conduction between cathode and target is aided by the inclusion of a
copper backing plate, highlighted in orange in thieesnatic. The sputter target is held in place

by a locking ring, highlighted Figure5.6(b). Deposition rate and thickness through the use of

a quartz crystal microbance (QCMJ246].

156



5.2 Thin Film Deposition 5. FabricationMethods

The bespoke sputtering system kiigure5.5(a) is labelled to include; (i) sputtering guns, (ii)
reactive gas inlet, (iii) argon gas inlév) gate and gate valve controller, (v) QCM, (vi) substrate
stage and rotation controller, (vii) pulsed DC power supply, (viii) gas flow controller, (ix) vacuum

pressure monitor, and (x) vacuum pump controller.
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In conventional DC sputtering, electrons are released from the cathode through secondary
electron emission and accelerated toward the anode. These electrons create more electrons
and ions through impact ionisation, and the ions return to the cathode to relsasondary

electrons to sustain the plasma. This requires many impact ionisation events to sustain the

plasma, therefore reducing the energy of the ions. The result is a low sputter yield and heating

of the plasma and substrate, which is not ideal forrthelly sensitive materials.

CAIpeMB LY RAdZY ay 2EARS &LJzgSNI G NBSG o610 ySé | yR
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The internals of the bespoke sputtering systenfigure5.6(b) are labelled tanclude(i) indium

tin oxide sputtering target, (ii) target retaining ring, (iii) anggas inlet (unattached), (iv)

magnetron and cathode, and (v) pulsed DC power supply and water cooling into the chamber.

The sputtering yield and the energy exchange between gas ions and target atoms have been
extensively studied in the literatun@47]¢[250] but are criticafor the thin film deposition. For
thermally sensitive materials, such as ITO, itis preferential to operate the plasma at low pressure
and temperature, which requires the use of a magnetron which is placed behind the target in
Figureb.6(b) [251].
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5. Fabrication Methods 5.2 Thin Film Deposition

The magnetic field exerts a force on the electrons proportional to their velocity but with

perpendicular direction, thus confining them to circular motion above the surface of the target.

At low pressure, the electrons move significantly faster than the argon atoms, as such the

electrons move circularly with their motion dominated by the magnetron, whereas the argon

atoms (ionised by the electrons) have their motion dominated by the electricgieidded by

the sputter gun. Thus, ionised argon atoms are accelerated toward the target in a circular path,
ONBIiAYy3a GKS O2YY2yfé VyI YRRurébBb)RMI NI O1 ¢ SFTFTFTFSOU 204
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When compainds are sputtered, ion bombardment will cause the compounds to be ejected
both as atoms and as entire molecules. Different atoms also have different sputter yields due to
their different masses and diameters. If one type of atom has a higher yield tleaottier, it

will be preferentially ejected over the other types. This may seem like a serious problem when
sputtering compound materials, but it has been found that a certain stesale composition

and depth profile are quickly reached where the remafddoth elements occurs at the original
stochiometric compositiof252]. This should not be surprising because the only way to consume

a target to its entirety is by depleting its constituent elements in their original proportions.

pPH PpwWdS | O ¥S { LIz SNA y 3

Sputtered ITO is the critical laythat dictates the performance of the EO modulator, as such
the deposition parameters need to be finely controlled. We use an indium tin oxide targ@t-(In

SnQ 90-10 wt%) as the base material. Since the oxygen is volatile, some of it is lost during the
process, which is compensated for by introducing oxygen during deposition. We have also found
that oxygen backpressure impacts on the electrical and optical properties of the deposited film
[253]. Oxygen can be introduced to the sputter process as a reactive gas either in the plasma

(argon) gas inlet or the reactive gas inlet as an oxygen backpressgoee5.5(b)).
CANRGEeTE tSGQa O2y&aARSNI 2E@3Sy Ay GKS LIXFavl 3Fad
concern during sputtering, as the ions are accelerated away from the target by the same electric

field accelerating positive argon ions the target. High energy negative ions impacting on the

growing film can damage or alter the properties of the ITO [&#]c[256].
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