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!ōǎǘǊŀŎǘ 

¦ƴŘŜǊ ǘƘŜ ƎǳƛŘŀƴŎŜ ƻŦ aƻƻǊŜΩǎ [ŀǿΣ ǘƘŜ ƴǳƳōŜǊ ƻŦ ǘǊŀƴǎƛǎǘƻǊǎ ƻƴ ŀ ŎŜƴǘǊŀƭ ǇǊƻŎŜǎǎƛƴƎ ǳƴƛǘ Ƙŀǎ 

doubled every two years for over 50 years, but the ever-growing 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 performance. Optical signal processing and neural network 

architectures present a possible solution to overcoming the limitations of conventional 

computing systems, given that computationally heavy Fourier-space computations are trivial in 

the optical domain. Spatial light modulators play a key role in an all-optical system and are 

required to perform to a highly-efficient level with the desire to push the dimensions close to 

that of microelectronic systems. 

Electro-optic modulators, a branch of spatial light modulators, operate on the principle that the 

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, electro-optic modulators utilise a silicon platform to operate in this 

wavelength range, but in this work, I propose to use a silicon nitride platform and take advantage 

of the low-loss operation and high-power throughput of the platform. 

In this work, I show that a competitive phase modulator can be realised using a metal-oxide-

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 Mach-Zehnder Interferometer architecture to produce a phase change. I have 

demonstrated a half-wave voltage-length between 0.5-1.0Vmm in the visible spectrum, 

achieved with a dual-mode interaction within the modulator. 

The simulations and experiments in this work demonstrate the capabilities of indium tin oxide 

as a material for electro-optic modulation, and the suitability of silicon nitride as a platform in 

the wider field of spatial light modulators. I also demonstrate that the electrical thickness of the 

insulating material in 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 literature and introduces the research project, 

inspired by the end of conventional computing systems and the advancements in optical 

processors. Advancements in science are rarely unprompted and are instead often 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 imagination to design and realise a solution 

that benefits society. The research contained in this thesis is no different. {ƻŎƛŜǘȅΩǎ ƛƴǎŀǘƛŀōƭŜ 

demands for high-speed data processing and power will already have grown substantially in the 

time between when I wrote this paragraph and when it will be read. Largely conventional 

ŎƻƳǇǳǘƛƴƎ Ƙŀǎ ōŜŜƴ ƎǳƛŘŜŘ ōȅ aƻƻǊŜΩǎ [ŀǿΣ ǘƘƻǳƎƘ ǎŎŀƭƛƴƎ ŀƴŘ ŜŦŦƛŎƛŜƴŎȅ ƭƛƳƛǘŀǘƛƻƴǎ ŀǊŜ 

highlighting the need for new computational architectures and hardware. Neuromorphic 

computing represents a new paradigm for computational systems, specifically speech 

recognition, natural language processing, and machine learning systems, where the brain-like 

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 I will focus my research.  



1. Introduction and Scope  1.1. The End of Conventional Computing 
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мΦмΦ ¢ƘŜ 9ƴŘ ƻŦ /ƻƴǾŜƴǝƻƴŀƭ /ƻƳǇǳǝƴƎ 

I will begin with the observation that drives scientific research, the motivation. For this research, 

the motivation is the ever-growing 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 worldwide 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%. Artificial intelligence (AI) is a key industry, expected to reach a growth 

rate of 42% by 2027, with 37% of global organisations employing AI in some capacity. While AI 

as a business tool is on the rise, the largest market is currently the fully- and semi-automatic 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 2.5x1018 bytes of data daily [1]. While the 

computer may have had humble beginnings, the rate of demand for data has drastically 

increased over the rate of performance. 

 

мΦмΦмΦ aƻƻǊŜΩǎ [ŀǿ 

In 1965 Gordon Moore published a prediction that the number of transistors of a central 

ǇǊƻŎŜǎǎƛƴƎ ǳƴƛǘ ό/t¦ύ ǿƻǳƭŘ ŘƻǳōƭŜ ŜǾŜǊȅ ȅŜŀǊΣ ŀ ǘǊŜƴŘ ŘǳōōŜŘ aƻƻǊŜΩǎ ƭŀǿ [2]. His prediction 

was corrected in 1975 to 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 machines with 

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 the desire 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 equipment, 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 Covid-19 pandemic and the increasing popularity of 

cryptocurrencies, have driven the price of semiconductors higher and thus removed the 
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ǇǊŜŘƛŎǘŜŘ ƘŀƭǾƛƴƎ ƻŦ Ŏƻǎǘǎ ŦǊƻƳ aƻƻǊŜΩǎ ƭŀǿΣ ŦƻǊ ǘƘŜ Ƴƻǎǘ ǇŀǊǘ ǘƘŜ ƻǊƛƎƛƴŀƭ ǇǊŜŘƛŎǘƛƻƴǎ ƘŀǾŜ 

stood the test of time. However, all technological development eventually reaches an end point 

[3]. 

 

мΦмΦнΦ ¢ƘŜ 9ƴŘ ƻŦ aƻƻǊŜΩǎ [ŀǿ 

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 data at high 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 miniaturising their size, and making minor architectural 

enhancements such as increasing cache size and complex dynamic instruction level parallelism 

(ILP). 

 

CƛƎǳǊŜ мΦмΥ пу ȅŜŀǊǎ ƻŦ ƳƛŎǊƻǇǊƻŎŜǎǎƻǊ ǘǊŜƴŘ Řŀǘŀ ŎƻƳǇŀǊƛƴƎ ǘǊŀƴǎƛǎǘƻǊǎΣ ǎƛƴƎƭŜπǘƘǊŜŀŘ ǇŜǊŦƻǊƳŀƴŎŜΣ ŎƭƻŎƪ 

ŦǊŜǉǳŜƴŎȅΣ ǘƘŜǊƳŀƭ ŘŜǎƛƎƴ ǇƻǿŜǊΣ ŀƴŘ ƴǳƳōŜǊ ƻŦ ƭƻƎƛŎŀƭ ŎƻǊŜǎ ŦǊƻƳ мутмπнлмфΦ 5ŀǘŀ ŀŎǉǳƛǊŜŘ ŦǊƻƳ YΦ wǳǇǇ 

ώпϐ ŀƴŘ ǊŜǇƭƻǧŜŘ ƛƴ ŀŎŎƻǊŘŀƴŎŜ ǿƛǘƘ //π.¸ пΦлΦ 

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 scaled with size [5]. As nanometric transistors became more prevalent, 

CPU speeds stabilised around the 4 GHz mark [6], and Dennard scaling began to breakdown. 

hǊƛƎƛƴŀƭ Řŀǘŀ ǳǇ ǘƻ ǘƘŜ ȅŜŀǊ нлмл ŎƻƭƭŜŎǘŜŘ ōȅ aΦ IƻǊƻǿƛǘȊΣ CΦ 
[ŀōƻƴǘŜΣ hΦ {ƘŀŎƘŀƳΣ YΦ hƭǳƪƻǘǳƴΣ [Φ IŀƳƳƻƴŘΣ ŀƴŘ /Φ .ŀǧŜƴΦ

5ŀǘŀ ŦƻǊ нлмлπнлмф ŎƻƭƭŜŎǘŜŘ ōȅ YΦ wǳǇǇΦ
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CPU clock speed is a measure of the number of cycles executed by a CPU per second, hence the 

frequency units, and as such a 4 GHz CPU can execute 4 billion cycles per second, where multiple 

instructions may be handled per cycle, or a string of instructions may take multiple cycles to 

handle. The performance of the CPU is determined as a combination of its design and speed, 

which I will discuss in the next section. 

This frequency limit, of approximately 4 GHz, was reached because of power considerations; 

driving transistors faster and shipping the data around the circuit takes disproportionally more 

power, so the frequency was a compromise between performance and cooling, also known as 

the power wall [7]. The power wall caused the rate of development in single thread performance 

to be reduced considerably [4]. Single-thread 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 dots in Figure 1.1, highlights the trend toward the 

ŀǎȅƳǇǘƻǘƛŎ ŜƴŘ ƻŦ aƻƻǊŜΩǎ ƭŀǿ ŦƻǊ ŘƛƎƛǘŀƭ ŜƭŜŎǘǊƻƴǎ ƛƴ ǎƛƴƎƭŜ-thread performance. 

The semiconductor industry overcame the diminishing returns in performance 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 thread-parallelism to increase processing 

speeds. The breakdown of Dennard scaling limited the number of simultaneously powered cores 

with a fixed power and heat extraction rate. The knock-on effect is a phenomenon known as 

άŘŀǊƪ ǎƛƭƛŎƻƴέΣ ǊŜŦŜǊǊƛƴƎ ǘƻ ǘƘŜ ŦŀŎǘ ǘƘŀǘ ƴƻǘ ŀƭƭ ƻŦ ǘƘŜ ŎƛǊŎǳƛǘ Ŏŀƴ ōŜ ǇƻǿŜǊŜŘ-up to the operating 

power due to thermal overload [8]. 

The onset of the dark silicon phenomenon, and the trends observed in Figure 1.1, are indicative 

of the fact that digital electronic scaling, ŀƴŘ ōȅ ŜȄǘŜƴǎƛƻƴ aƻƻǊŜΩǎ ƭŀǿΣ ƛǎ ǊŜŀŎƘƛƴƎ ƛǘǎ ƛƴŜǾƛǘŀōƭŜ 

end. Fundamentally, the end of the scaling can be traced to three bottlenecks in conventional 

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

obeys Dennard 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 switching, which I will discuss next [10]. 
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мΦмΦоΦ ¢ƘŜ ±ƻƴ bŜǳƳŀƴƴ .ƻǧƭŜƴŜŎƪ 

The scaling of CPU 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. 

 

CƛƎǳǊŜ мΦнΥ όŀύ ±ƻƴ bŜǳƳŀƴƴ ŀƴŘ όōύ IŀǊǾŀǊŘ ŎƻƳǇǳǝƴƎ ŀǊŎƘƛǘŜŎǘǳǊŜΦ 

The Von Neumann architecture (Figure 1.2(a)) comprises a CPU and a memory unit responsible 

for all program elements, data, and instructions; whereas the Harvard architecture (Figure 

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 dependent 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 unit [11]. The Von Neumann architecture is typically used for personal 

computing due to the simple and inexpensive design, where 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 CPU-to-memory speed, and inevitably this leads to a performance 

bottleneck commonly known as the Von Neumann bottleneck [12], or memory-wall. The Von 

Neumann bottleneck 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 single-thread performance, 

but also to a power density problem in conventional computing systems [13]. 
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мΦмΦпΦ ¢ƘŜ 5ƛƎƛǘŀƭ 9ŶŎƛŜƴŎȅ ²ŀƭƭ 

Computational ŜŦŦƛŎƛŜƴŎȅ ƛǎ ƳŜŀǎǳǊŜŘ ƛƴ άƳǳƭǘƛǇƭŜ ŀƴŘ ŀŎŎǳƳǳƭŀǘƛƻƴέ όa!/ύ ƻǇŜǊŀǘƛƻƴ per Joule 

and has been consistently doubling every 1.5 years with computational speed for around 50 

ȅŜŀǊǎΣ ŀƴ ŜŦŦŜŎǘ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ YƻƻƳŜȅΩǎ ƭŀǿ [14]Φ Wǳǎǘ ƭƛƪŜ aƻƻǊŜΩǎ ƭŀǿ ƘƻǿŜǾŜǊΣ ǘƘŜ scaling of 

efficiency has begun to reach an asymptote of around 10 GMAC/J, and has only doubled once 

in the last decade [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 2025 [15], and the power consumption 

ƻŦ Řŀǘŀ ŎŜƴǘǊŜǎ ǘƻ ǊŜŀŎƘ оо҈ ƻŦ ǘƘŜ ǿƻǊƭŘΩǎ ŜƴŜǊƎȅ ŎƻƴǎǳƳǇǘƛƻƴ ōȅ нлол [16], it is now 

imperative that the power budget of the computational 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 research shifting to neuromorphic architectures and optical transistors, which 

are discussed in the next sections. Figure 1.3 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 trade-offs of each platform by Lima et al. [10]. 

 

CƛƎǳǊŜ мΦоΥ /ƻƳǇǳǘŀǝƻƴŀƭ ŜŶŎƛŜƴŎȅ ŀƴŘ ǘƘŜ ŘƛƎƛǘŀƭ ŜŶŎƛŜƴŎȅ ǿŀƭƭΦ CƛƎǳǊŜ ǘŀƪŜƴ ŦǊƻƳ ƴŜǳǊƻƳƻǊǇƘƛŎ 

ǇƘƻǘƻƴƛŎǎ ώмлϐ ǳƴŘŜǊ //π.¸Φ IȅōǊƛŘ {ƛκLLLπ± ƛǎ ŀ ǎƛƭƛŎƻƴ ŀƴŘ ƎǊƻǳǇ LLLπ± ǎŜƳƛŎƻƴŘǳŎǘƻǊ ǎƛƳǳƭŀǘŜŘ ƴŜǳǊŀƭ 

ƴŜǘǿƻǊƪ tL/Σ ǎǳōπ˂  ǊŜŦŜǊǎ ǘƻ ǎǳōǿŀǾŜƭŜƴƎǘƘ ǇƘƻǘƻƴƛŎǎΣ ŀƴŘ ǘƘŜ ƴŜǳǊƻƳƻǊǇƘƛŎ ŜƭŜŎǘǊƻƴƛŎǎ ǇƭŀǜƻǊƳǎ ŀǊŜ 

ŘƛǎŎǳǎǎŜŘ ƛƴ ƭŀǘŜǊ ǎŜŎǝƻƴǎΦ 

The emergence of photonic integrated circuits (PICs), which are commonplace in fast ethernet 

switches and supercomputers, presents an exciting choice for replacing conventional electrical 
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interconnects. Photonic systems offer several advantages over electronics in data transmission, 

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 downfall in electronic systems leading to the power wall. 

Optical interconnects in high-performance computing systems have been considered since the 

mid-1980s [18], [19], with a reignition of interest by Benner et al. [20] almost 2 decades ago. 

Optical cabling replacing electrical wiring in supercomputers was used by IBM in the Roadrunner 

supercomputer [21], the first petaflop machine, with 5 Gb/s bitrates per channel. VCSELs [22], 

[23] and silicon photonics [24]ς[26] platforms have been reported as exceeding 50 GB/s bitrates, 

with an silicon photonic modulator system reportedly exceeding a 100 Gb/s rate on chip [27]. 

Integration of optical interconnects with microelectronic systems has shown an increase in 

efficiency and computation speed, but for optical systems 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, biology-inspired, architecture; but the high bandwidth capabilities of 

optical systems, not possible with purely electronic systems, will truly overcome the digital 

ŜŦŦƛŎƛŜƴŎȅ ǿŀƭƭΦ ¢ƘŜ ŀǊŎƘƛǘŜŎǘǳǊŀƭ ŎƘŀƴƎŜ ǊŜǉǳƛǊŜŘ ƛǎ ƪƴƻǿƴ ŀǎ άƴŜǳǊƻƳƻǊǇƘƛŎ ŎƻƳǇǳǘƛƴƎέΦ 

 

мΦнΦ bŜǳǊƻƳƻǊǇƘƛŎ /ƻƳǇǳǝƴƎ 

Neuromorphic computing systems represent a new paradigm of computing systems, namely 

ǘƘŜƛǊ ŀōƛƭƛǘȅ ǘƻ ōŜ ǘŀǳƎƘǘΣ ǊŀǘƘŜǊ ǘƘŀƴ ŘƛǊŜŎǘƭȅ ǇǊƻƎǊŀƳƳŜŘΣ ƛƴ ŀ ǇǊƻŎŜǎǎ ƪƴƻǿƴ ŀǎ άƳŀŎƘƛƴŜ 

ƭŜŀǊƴƛƴƎέΣ and can be applied to speech recognition, natural language processing, and machine 

vision applications [28]. In this section I will outline the foundations of neuromorphic computing, 

and the further limitations of electronic systems. 

 

мΦнΦмΦ bŜǳǊƻƳƻǊǇƘƛŎ /ƻƳǇǳǝƴƎ 

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 1011 

neurons in the brain operating with a total power of 23 W, or 230 pW per neuron. The brain is 
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estimated to operate at 1020 MAC/s, and is therefore estimated to operate with an approximate 

efficiency of 4.35x1018 MAC/s/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 floating-point 

operations per second (FLOP), where 1 FLOP/s is equal to 2 MAC/s [30]. It follows that the human 

brain operates with an efficiency of 8.7x1018 FLOP/s/W (8.7 9C[htκǎκ²ύΦ IŜǿƭŜǘǘ tŀŎƪŀǊŘΩǎ 

Frontier supercomputer is rated as the fastest exa-scale supercomputer, achieving 1.102 

EFLOP/s while consuming 21 MW of power. Frontier utilises a combined CPU and graphics 

processing unit (GPU) architecture to operate with an efficiency of 62.68 GFLOP/s/W [31], 

meaning the efficiency of the human brain is five orders of magnitude beyond that of leading 

supercomputers. There is clear evidence that distributed processing is a possible solution to the 

constraints of conventional computing architectures [10]. 

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

ŦǊƻƳ ŎƻƳǇǳǘŜǊǎ ǘƻŘŀȅ ŀƴŘ ƛƴǎǘŜŀŘ ƻǇŜǊŀǘŜǎ ƻƴ ǘƛƳŜŘ ŜǾŜƴǘǎ ƪƴƻǿƴ ŀǎ άǎǇƛƪŜǎέΦ bŜǳǊƻƴǎ 

receive the spikes and integrate over time, i.e., the spikes contain no other information other 

ǘƘŀƴ ǘƘŜ ǘƛƳŜ ŀƴŘ ǎƻǳǊŎŜ ƻŦ ƎŜƴŜǊŀǘƛƻƴΣ ƪƴƻǿƴ ŀǎ άŜǾŜƴǘ ŘǊƛǾŜƴ ŎƻƳǇǳǘƛƴƎέ [32]. A 

neuromorphic process, in contrast to the point-to-point memory-processor communication 

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

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

radiative problems with electrical links [29]. Spiked neural networks (SNNs) typically employ the 

following techniques to overcome the electronic limitations; an event-driven inter-chip 

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

and timing information of sparse neural events, crossbar time-division 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 timescales in the kHz regime [33], [34]. 

 

мΦнΦнΦ bŜǳǊƻƳƻǊǇƘƛŎ tƘƻǘƻƴƛŎǎ 

For neuromorphic processing of high-bandwidth data in the GHz-regime, however, 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 is to fill the role of computation, a new 

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

through a network. 

The concept of optical systems replacing electronics is not new, the limiting factors have been 

the physical constraints of optical systems, the limitation of optical-digital interfaces, and the 

absence of a robust integration platform [35]. 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 sidestepping the current electronic 

interconnect pitfalls. 

There has been a shift in the landscape for photonic chips in recent years, and for good reason, 

Figure 1.3, references [36], PICs [37], [38], and other optical interconnects research is predicting 

an increase in processing speed by 6 orders of magnitude compared to neuromorphic 

electronics [39]. 

 

мΦнΦоΦ ¢ƘŜ !ǊǝŬŎƛŀƭ bŜǳǊƻƴ 

The three elements to a neural network are: the neuron (a set of nonlinear nodes), the network 

(configurable interconnects), and the learning (information representation). An artificial neuron 

is illustrated in Figure 1.4. Inputs (x) enter the system where they 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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CƛƎǳǊŜ мΦпΥ bƻƴƭƛƴŜŀǊ ƳƻŘŜƭ ƻŦ ŀƴ ŀǊǝŬŎƛŀƭ ƴŜǳǊƻƴΦ 

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 I will discuss machine learning and the requirements for a photonic neuron considering 

the design philosophy in Figure 1.4. The interconnecting of neurons, to form a network, is 

implied in the formation of a neural network. 

 

мΦнΦпΦ 5ŜŜǇ [ŜŀǊƴƛƴƎ 

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 conventional 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 major industry on the rise [40]. 

Many of the applications discussed above use a class of machine learning known as deep 

learning. Unlike machine learning, which is limited in its ability to process raw data and requires 

significant pre-treatment, deep learning methods transform raw data into more abstract levels 
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that can be processed. The key is that deep learning layers are 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 techniques [41]ς[44]. The pattern recognition 

capabilities are applicable across several industries including security, translation, and driverless 

vehicles. 

 

мΦнΦрΦ /ƻƴǾƻƭǳǝƻƴŀƭ bŜǳǊŀƭ bŜǘǿƻǊƪǎ 

A deep learning architecture is typically a multilayer stack of simple modules, where each 

module in the 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 convolutional neural network 

(CNN) [45]. A CNN is a 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, and a fully connected 

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 

ŀǎ άƪŜǊƴŜƭǎέΣ ƛǎ ǇŜǊŦƻǊƳŜŘ ŀǘ ŜŀŎƘ ƛƳŀƎŜ Ǉƻǎƛǘƛƻƴ ŀǎ an object could be anywhere in an input 

image [46]. 

 ὧ ꞈ ὅȟ ὅ ὃ ὄz ꞈὥϽꞈ ὦ  9ǉǳŀǝƻƴ мΦм 

The computationally heavy kernel function for the convolution of image data can be expressed 

as matrix multiplication of the 2D Fourier transform ()ꞈ of both object (a), A, and the kernel 

function (b) in the Fourier domain, B. The inverse Fourier transform (ꞈ -1) of the resultant matrix 

(C) produces the image convolution, c (Equation 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 perform. 
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мΦнΦсΦ {ǘŀǘŜπƻŦπǘƘŜπ!Ǌǘ bŜǳǊƻƳƻǊǇƘƛŎ /ƻƳǇǳǝƴƎ 

While the details of neural network architectures, algorithms, and performance metrics are 

beyond the scope of this thesis, to summarise this section I will give a brief overview of some of 

the CMOS-based neuromorphic chips that are currently at the forefront of neuromorphic 

computing. The performance metrics amongst the literature is often quoted in system specific 

units, here I 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 TrueNorth [33], [47], [48], a digital CMOS chip created by IBM using 

1272 application-specific integrated circuits (ASICs) on printed circuit board (PCB), consisting 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 consumes 72 mW of 

power, but the true power of TrueNorth comes in stacking 16 die on a chip, which consumes 1 

W of power and operates at 1 kHz speed. TrueNorth is reported consuming 26.6 nJ per synaptic 

event. Neurogrid [49] is a chip created at Stanford University, and uses analogue neural circuits 

to compute real-time large-scale neural simulations using digital spike communication between 

neurons. The chip consists of 16 cores containing 65000 neurons, totalling 1 million neurons. 

The 16-core chip has an energy consumption of 3 W of power, or approximately 150 mW per 

core. Neurogrid has a reported figure of merit of 941 pJ per event. 

Catholic University Louvain demonstrated a digital neuromorphic chip known as ODIN [50], a 

fully depleted silicon-on-insulate (FDSOI) CMOS chip, with 256 neurons supporting spike-driven 

synaptic events implementing neuron dynamics in sequential fashion, and consuming 15 nJ per 

event. SpiNNaker [34], [51]ς[53] is a massively parallel multi-core computing system that 

implements neural and synapse models in real-time built using 18 ARM9 processors, which are 

a reduced instruction set computer (RISC) CMOS chip on PCB. Currently, the SpiNNaker node 

contains 18 processor cores with 16,000 digital neurons and 16 million synapses, with the single 

node consuming 1 W of power. The real power of the SpiNNaker project is that they aim to 

combine 57,000 nodes on a chip to increase the multi-parallelism 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 through the system in packets. The SpiNNaker 

project is reported having a 11.3 nJ per event power consumption, with 2.2x106 instructions per 

second per watt (IPS/W). 
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BrainScaleS [54]ς[56] is a neuromorphic wafer-scale chip, utilising a mixed signal ASICs platform 

on PCB, combining analog neural circuits and digital spiking communication, the same 

architecture as Neurogrid. BrainScaleS is, however, unique in that it operates using a spiking 

network speedup factor, 103-104, which means the network operates 10,000 times faster than 

the equivalent biological system. BrainScaleS consists 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 2 kW, equivalent to 83 W for 16 cores, and operates at 40 Hz 

spiking frequency. The true 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. 

 

мΦоΦ hǇǝŎŀƭ tǊƻŎŜǎǎƛƴƎ 

The limitations of microelectronics have led to the emergence of optical replacements, and 

specifically large-scale all optical systems relying on optical interconnects. Specifically, silicon 

photonics has emerged as the leading platform due to its combination of low fabrication costs, 

electronic-photonic integration, 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 I discuss the inclusion of silicon photonic 

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

 

мΦоΦмΦ /ƻƘŜǊŜƴǘ hǇǝŎŀƭ tǊƻŎŜǎǎƻǊ 

Optical systems are typically one of two categories: a focused optical system, or an image 

processing system. At the basic level, an optical 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 impulse response function (h), such that 

 Ὣὼȟώ Ὤὼȟώ Ὢzὼȟώ 9ǉǳŀǝƻƴ мΦн 

defines the behaviour of the optical system. For optical image processing systems, the impulse 

response function is a close replica of the kernel in the input plane. The convolution of image 

and kernel, i.e., the Fourier transform of Equation 1.2 into Equation 1.1, is computationally 
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expensive and throttled by the architecture of a conventional processor, this process is trivial in 

the optical domain. An optical lens forms the complex two-dimensional Fourier transform of a 

coherent wave in its back focal plane [57]. The phenomenon allows for a two lens 4-focal length 

coherent optical processor, illustrated in Figure 1.5, to implement a two-dimensional 

convolution between a reference kernel and an input image in the complex filter. The image in 

the output plane indicates the presence and location of the reference object in the input scene. 

 

CƛƎǳǊŜ мΦрΥ пŦ ŎƻƘŜǊŜƴǘ ƻǇǝŎŀƭ ǇǊƻŎŜǎǎƻǊΦ 

Throughout my research, I have explained the coherent optical processor using the analogy of 

²ƘŜǊŜΩǎ ²ŀƭƭȅΣ ōȅ ŎƻƳǇŀǊƛƴƎ ǘƘŜ ƻǇŜǊŀǘƛƻƴ ƻŦ ǎŜŀǊŎƘƛƴƎ ŦƻǊ ŀ ƪŜǊƴŜƭ ƛƴ ŀƴ ƛƳŀƎŜ ǘƻ ƭƻƻƪƛƴƎ ŦƻǊ 

Wally in the popular ŎƘƛƭŘǊŜƴΩǎ ǇǳȊȊƭŜ ōƻƻƪΦ IŜǊŜΣ L ǿƛƭƭ ǳǎŜ ǘƘŜ ǎŀƳŜ ŀƴŀƭƻƎȅΦ aƻǎǘ ŘŜŜǇ 

ƭŜŀǊƴƛƴƎ ǎȅǎǘŜƳǎ ǳƴŘŜǊƎƻ ŀ ǇǊƻŎŜǎǎ ŎŀƭƭŜŘ ǎǳǇŜǊǾƛǎŜŘ ƭŜŀǊƴƛƴƎΣ ǿƘƛŎƘ ƛǎ ǘƻ ŎƻǊǊŜŎǘ ǘƘŜ ƳŀŎƘƛƴŜΩǎ 

learning without direct input from the engineer into manipulating the raw data. 

Consider a machine 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 in Figure 1.6(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 characters and scƻǊŜŘ ǿŜƭƭ ƛŦ ƛǘ ŘƛŘƴΩǘ ŎƭŀǎǎƛŦȅ ǘƘŜƳ ŀǎ ²ŀƭƭȅΣ 

such as those characters shown in the example scenery in Figure 1.6(b) [58]. 
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CƛƎǳǊŜ мΦсΥ όŀύ !ƴ ŜȄŀƳǇƭŜ ƪŜǊƴŜƭ ƛƳŀƎŜΣ ŀƴŘ όōύ ŀƴ ŜȄŀƳǇƭŜ ǎŎŜƴŜ ŎƻƴǘŀƛƴƛƴƎ ǘƘŜ ƪŜǊƴŜƭ ƛƳŀƎŜΦ 

Once the system has classified the target character, it stores the Fourier transform of the image, 

so that when it is shown a scene like Figure 1.6(b), it has the reference image (kernel) ready. To 

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 input image. Assuming the system is then shown 

an image of the example scenery (Figure 1.7 (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 Fourier space at the complex filter in Figure 1.5, where the Fourier transform of the 

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

 

CƛƎǳǊŜ мΦтΥ όŀύ !ƴ ŜȄŀƳǇƭŜ ǎŎŜƴŜ ŎƻƴǘŀƛƴƛƴƎ ǘƘŜ ƪŜǊƴŜƭ ƛƳŀƎŜ ŀƴŘ όōύ ǘƘŜ ǊŜǘǳǊƴŜŘ ƛƴŦƻǊƳŀǝƻƴ ƻŦ ǘƘŜ пŦ 

ŎƻƘŜǊŜƴǘ ƻǇǝŎŀƭ ǇǊƻŎŜǎǎƻǊΦ 

If the character Wally is present in the scene, the only returned information is Wally in the scene, 

as shown in Figure 1.7(b). But, if Wally is not present in the scene (Figure 1.8(a)), the returned 

information is nothing (Figure 1.8 (b)). 
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CƛƎǳǊŜ мΦуΥ όŀύ !ƴ ŜȄŀƳǇƭŜ ǎŎŜƴŜ ǘƘŀǘ ŘƻŜǎ ƴƻǘ Ŏƻƴǘŀƛƴ ǘƘŜ ƪŜǊƴŜƭ ƛƳŀƎŜ ŀƴŘ όōύ ǘƘŜ ǊŜǘǳǊƴŜŘ ƛƴŦƻǊƳŀǝƻƴ 

ƻŦ ǘƘŜ пŦ ŎƻƘŜǊŜƴǘ ƻǇǝŎŀƭ ǇǊƻŎŜǎǎƻǊΦ 

The binary response from such a system, and the speed at which the convolution can be 

performed, highlight the power of the coherent optical processor. Naturally, in the example I 

have shown here, it is extremely easy to find the kernel image. 

 

CƛƎǳǊŜ мΦфΥ όŀύ !ƴ ŜȄŀƳǇƭŜ ǎŎŜƴŜ ŎƻƴǘŀƛƴƛƴƎ ǘƘŜ ƪŜǊƴŜƭ ƛƳŀƎŜ ŀƴŘ όōύ ǘƘŜ ǊŜǘǳǊƴŜŘ ƛƴŦƻǊƳŀǝƻƴ ƻŦ ǘƘŜ пŦ 

ŎƻƘŜǊŜƴǘ ƻǇǝŎŀƭ ǇǊƻŎŜǎǎƻǊΦ 

But in a scene, such as that in Figure 1.9(a), even a conventional electronic deep learning 

machine would take several seconds to find the character Wally. The output of the 4f coherent 

optical processor is shown in Figure 1.9(b) and can be calculated several orders of magnitude 

faster than conventional systems. The modulators discussed in this thesis serve as a spatial light 

modulator for the transfer of electrical data to the optical regime in Figure 1.5. 

It is apparent that the 4f approach in Figure 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 domain. As a single-purpose functional process, the photonic system can perform at 

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

as 

 ὲόάὦὩὶ έὪ έὴὩὶὥὸὭέὲίφὅὲÌÏÇὲ τὲ 9ǉǳŀǝƻƴ мΦо 

The 4f approach has the potential to be incredibly powerful. The number of operations per clock 

cycle is given by Equation 1.3, where n is the image size (proportional to the kernel size k), and 

C is a constant in the Fourier transform [59] of approximate value C = 1/log(2). Considering a 

pixel array of 64 x 64, driven by a top spec processor [60] at 4.8 GHz, yields a number of 

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

operation per cycle. 

 

мΦоΦнΦ tŜǊŦƻǊƳŀƴŎŜ aŜǘǊƛŎ ƻŦ {Ǉŀǝŀƭ [ƛƎƘǘ aƻŘǳƭŀǘƻǊǎ 

In 2019 Optalysys [61] ŀƴƴƻǳƴŎŜŘ ǘƘŜ ǿƻǊƭŘΩǎ ŦƛǊǎǘ ƻǇǘƛŎŀƭ Ŏƻ-processor system for machine 

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 camera sensors as illustrated 

in Figure 1.5. Their FT:X system operates approximately 30 times faster than state-of-the-art 

graphics cards, for like-for-like tasks, operating 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 with a frame rate in the Hz ς kHz range [62]. Wang et al. [63] report the 

use of a 4f optical processing system utilising a SLM to modulate an input signal to interfere with 

a radar (microwave) signal for analysis. Their system reports a modulation speed of 60 Hz. This 

performance limitation of digital SLMs provides an opportunity for the introduction of high-

speed low-power photonic modulators, which are discussed in the next section. 

 

мΦпΦ wŜǾƛŜǿ ƻŦ 9ƭŜŎǘǊƻπhǇǝŎ aƻŘǳƭŀǘƻǊǎ 

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 the incident light. 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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ǘƘǊƻǳƎƘ ǘƘŜ ŎƘŀƴƎŜ ƻŦ ŀ ƳŀǘŜǊƛŀƭΩǎ ǊŜŦǊŀŎǘƛǾŜ index or the superposition of a phase difference 

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 modulation) or thermal-gating (thermos-optic modulation), with the former preferable 

due to the relatively slow response rate and high-power consumption of thermo-optic 

modulators. The electro-optic effect is typically achieved through the Pockels and Kerr or carrier 

density effects [64], [65]. Electro-optic modulators (EOMs) inherently rely on the interaction 

strength between the signal and the modulation material, i.e., the light-matter interaction (LMI).  

The key to an ultrafast, compact, and power-efficient 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 the overlap (ɱ) 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 obtain a -̄phase shift and the modulator 

length, known as the half-wave voltage length (V̄L). 

 

мΦпΦмΦ {ǘŀǘŜπƻŦπǘƘŜπ!Ǌǘ 9ƭŜŎǘǊƻπhǇǝŎ aƻŘǳƭŀǘƻǊǎ 

The Pockels and Kerr effects are well established modulation mechanisms in the field, with the 

effects used primarily in lithium niobate (LiNbO3)-based 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 proportional to the electric field and he Kerr effect is a second-order electric 

field effect [17]. 

Janner and Tulli et al. [66] demonstrated a lithium niobate-based phase modulator with a Mach-

Zehnder design layout operating with a half-wave voltage length of 800,000 V˃m. Wang et al. 

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

±˃ƳΦ IǳŀƴƎ Ŝǘ ŀƭΦ [68] report a sub-millimetre hybrid silicon-rich nitride and thin film lithium 

niobate modulator with a half-ǿŀǾŜ ǾƻƭǘŀƎŜ ƭŜƴƎǘƘ ƻŦ стΣллл ±˃ƳΦ [ƛǘƘƛǳƳ ƴƛƻōŀǘŜ ƳƻŘǳƭŀǘƻǊǎ 

typically have a small footprint, but suffer from a relatively large power consumption, thus 

decreasing their efficiency. 

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

on the electrostatics of a metal-oxide-semiconductor (MOS) capacitor, whereby a bias voltage 
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can change the carrier concentration 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 effect [69]. 

The Intel group [70] demonstrated the first on-chip high-speed modulation on monolithically 

integrated silicon with an operating speed of >1 GHz, opening the door for silicon photonics in 

the field of electro-optic modulation. The modulator consists of a p-doped polysilicon rib 

waveguide separated from an n-doped 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 Mach-Zehnder interferometer (MZI) (section 2.5.1) [71] 

and micro-ring structures [72]. Recent advances in the field of silicon EO modulators include Liu 

et al. [70] who report a silicon-based metal-oxide-semiconductor (MOS) capacitor modulator 

with 80000 V˃m performance. 

The restricting factor of SiP phase modulators is power consumption. Generally, increasing the 

capacitance of the modulator reduces the power consumption as 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 trade-off 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 section 3.1.1, silicon 

experiences nonlinearities at high throughput powers [73]. 

 

мΦпΦнΦ LƳǇǊƻǾƛƴƎ [ƛƎƘǘπaŀǧŜǊ LƴǘŜǊŀŎǝƻƴǎ 

Enhancement of the silicon platform to incorporate surface plasmon polaritons (SPPs) has 

attracted a lot of attention in the field in recent years [70], [74], [75] as the principle serves to 

overcome the intrinsic losses involved with higher phase-shift efficiency of silicon-based carrier 

modulation. SPPs are optical waves that propagate at the interface 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 frequency. As the frequency of the 

input signal approaches the plasma fǊŜǉǳŜƴŎȅ ƻŦ ǘƘŜ ƳŜǘŀƭΣ ǘƘŜ ƳŀƎƴƛǘǳŘŜ ƻŦ ǘƘŜ ƳŜǘŀƭΩǎ 

permittivity ŘŜŎǊŜŀǎŜǎ ŀƴŘ ƛǎ ƻǇǇƻǎƛǘŜ ǘƻ ǘƘŜ ŘƛŜƭŜŎǘǊƛŎΩǎ permittivity. The dispersion of the SPP 

diverges with the wave number, resulting in very large wave numbers, and the group velocities 



1. Introduction and Scope  1.4. Review of Electro-Optic Modulators 

50 
 

at the interface tend to zero due to the derivative relationship to the wave number. The large 

wave numbers and small group velocities are combined with a very short evanescent decay 

length of the light in the dielectric. 

Consequently, SPPs are able to dramatically reduce 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 efficiency of the 

tuning mechanism. Indium tin oxide (ITO) is a highly promising material in the field [77]ς[80], 

and it is here where this research focuses. 

Real performance gains have been seen with the switch to ITO, as shown by Amin et al. [74], 

[77] who have demonstrated the capabilities of an ITO and aluminium oxide MOS capacitor atop 

a silicon waveguide, with a reported figure of merit of 52 Vm˃. The dramatic increase in 

performance has highlighted the need for an ITO-based modulator, with further improvements 

lying in reducing overall insertion loss, i.e., moving beyond the silicon platform, as is proposed 

in this research. 

 

мΦпΦоΦ {ǘŀǘŜπƻŦπǘƘŜπ!Ǌǘ hǇǝŎŀƭ {ȅǎǘŜƳǎ 

In the wider field of all optical processing systems, Shen et al. [81] present an optical neural 

network (ONN) utilising 56 Mach-Zehnder interferometers (section 2.5.1) on a silicon waveguide 

platform. The modulation technique used is a 50thermo-optic modulation of the silicon 

platform. The authors report an operating speed in the GHz regime and a 10 mW per modulator 

operating power demand, though they also report that thermal cross-talk between modulators 

contributes largely to photodetection errors. Bueno et al. [82] demonstrate a 2025 node 

photonic neural network operating at approximately 5 Hz, and report that their biggest setback 

is currently the update speed of their SLMs, suggesting that high-speed EO modulators could 

yield significant performance gains. Cheng et al. [83] report an all optical reservoir computing 

neural network with a maximum 10 W power consumption, operating at the telecommunication 

wavelength of 1550 nm, and thus utilising a silicon platform. 
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мΦрΦ {ŎƻǇŜ ƻŦ ǘƘŜ ¢ƘŜǎƛǎ 

The core research question of this thesis is: can we develop a new, highly efficient, carrier-based 

electro-optic modulator platform suitable for large-scale coherent optical processors? 

The concern with the silicon platform is that it is unsuitable for high-throughput optical systems, 

and the increased insertion losses at wavelengths lower than the typical telecommunications 

wavelength of 1550 nm places restrictions on the system that are not necessary. We propose a 

silicon nitride waveguide platform as a more suitable prospect given the low loss through the 

visible and infra-red spectrum [84] and the higher available throughput power making it far 

more suited to large-scale systems. As silicon nitride does not exhibit carrier accumulation under 

electrical gating, the modulation technique is through carrier accumulation in 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 of the thesis. 

Chapter 2 provides 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 question discussed in this chapter is how 

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

tin oxide. 

Chapter 3 provides information on how I designed and simulated my modulator structures to 

obtain the fabrication dimensions required to achieve my research goals. Here I 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 4 details a collaborative research goal to characterise the dependency of the optical 

and electrical properties of indium tin oxide on the oxygen concentration of the material. In this 

chapter I 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 5 contains the relevant fabrication techniques and parameters used to create the 

modulators discussed in this research. Here I 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 6 I 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 the semiconductor layer in the capacitor. Using this information, I then 

characterise the capacitor and predict its performance metrics. In this section, I answer a wide 

literature question of the potential for metal/semiconductor penetration into the oxide layer of 

the capacitor and detail my findings. 

In Chapter 7 I present amplitude and phase modulation results and the details of the optical 

setup used to obtain them. I also discuss an unpredicted phenomenon encountered during my 

research. 

In Chapter 8, I summarise my research and determine if the research question has been 

answered. I will discuss, critically, how I have developed and how the project could be improved, 

whilst giving an outlook to the future of the field. 
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нΦ .ŀŎƪƎǊƻǳƴŘ ŀƴŘ ¢ƘŜƻǊȅ 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter Synopsis 

This chapter presents the textbook analysis of the background theory required and referenced 

throughout this thesis. It contains the relevant theory for describing light in free-space, periodic 

structures, resonant gratings, and slab waveguides. I also outline how the optical modulation 

can be achieved and measured, with specific reference to- and analysis of- the space charge 

region in a gated metal-oxide-semiconductor structure. Specifically, I will focus the discussion 

on ITO-based 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 I get into designing, fabricating, and characterising my own 

modulators, I will detail the background of ITO modulators and the theory on which many of the 

models, predictions, and calculations in this thesis are built on. The chapter culminates with an 

analytical model for the predicted performance of the modulators discussed in this thesis, and 

a comparison to a literature device. The analytical model was implemented in python in original 

code, with reference to a textbook derivation. I would like to acknowledge Dr George Duffett 

for his assistance in developing this model with me.  
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нΦмΦ 5ŜǎŎǊƛōƛƴƎ [ƛƎƘǘ 

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

ǿƛǘƘ aŀȄǿŜƭƭΩǎ ŜǉǳŀǘƛƻƴǎΣ ŀƴŘ ǎƻ ǘƘŀǘ ƛǎ ǿƘŜǊŜ L ǎƘŀƭƭ ōŜƎƛƴΦ ¢ƘǊƻǳƎƘƻǳǘ ǘƘƛǎ ǿƻǊƪΣ I will discuss 

the manipulation of light in both waveguide structures and photonic crystals; therefore, in this 

section I will discuss how light can be guided in these structures, before moving to an application 

ǎŜǘǘƛƴƎ ŀƴŘ Ƙƻǿ ǿŜ Ŏŀƴ ǳǎŜ aŀȄǿŜƭƭΩǎ Ŝǉǳŀǘƛons. 

 

нΦмΦмΦ aŀȄǿŜƭƭΩǎ 9ǉǳŀǝƻƴǎ 

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 the wave vector (k). The magnitude of the wave vector is 

given as a function of the wavelength ()˂ in Equation 2.1. All macroscopic electromagnetism is 

governed by the four Maxwell equations. 
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9ǉǳŀǝƻƴ нΦо 

 

The four Maxwell equations (Equation 2.2 and Equation 2.3) describe the relationship between 

the electric field (E), magnetic field (H), displacement field (D), and magnetic induced field (B) 

with free charge (́) and current (Jύ ŘŜƴǎƛǘƛŜǎΦ ! Ŧǳƭƭ ǘǊŜŀǘƳŜƴǘ ƻŦ aŀȄǿŜƭƭΩǎ ŜǉǳŀǘƛƻƴǎΣ ŜǎǇŜŎƛŀƭƭȅ 

with respect to periodic structures, is given by Joannopoulos et al. [85]. Typically, for the 

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

ǎƛƳǇƭƛŦȅ aŀȄǿŜƭƭΩǎ ŜǉǳŀǘƛƻƴǎΦ CƛǊǎǘƭȅΣ ǿŜ ŀǎǎǳƳŜ ǘƘŀǘ ǘƘŜǊŜ ŀǊŜ ƴƻ ǎƻǳǊŎŜǎ ƻŦ ƭƛƎƘǘ ƛƴ ǘhe 

structure, and that it is free from free charges and currents, i.e.,  ́= 0 and J = 0. 

 ╓ ‐‐╔ȟ ║ ‘‘╗ 9ǉǳŀǝƻƴ нΦп 

We assume that the field strengths are small enough so that we can operate in the linear regime, 

and the non-linear 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 fields are related through the vacuum permittivity (ʁ0) and a 
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ǎŎŀƭŀǊ ŘƛŜƭŜŎǘǊƛŎ ŦǳƴŎǘƛƻƴ όʶύΣ ƪƴƻǿƴ ŀǎ ǘƘŜ άǊŜƭŀǘƛǾŜ ǇŜǊƳƛǘǘƛǾƛǘȅέΣ ŀǎ ǎƘƻǿƴ ƛƴ Equation 2.4. 

Similarly, the magnetic induction field is related to the magnetic field through the vacuum 

ǇŜǊƳŜŀōƛƭƛǘȅ ό˃0ύ ŀƴŘ ǘƘŜ ǊŜƭŀǘƛǾŜ ǇŜǊƳŜŀōƛƭƛǘȅ ό˃ύΦ IƻǿŜǾŜǊΣ ǿŜ ŀǎǎǳƳŜ ǘƘŀǘ ǘƘŜ ƳŀǘŜǊƛŀƭǎ ŀǊŜ 

non-ƳŀƎƴŜǘƛŎΣ ǿƘƛŎƘ ƛǎ ǘȅǇƛŎŀƭƭȅ ǘƘŜ ŎŀǎŜ ŀǘ ƻǇǘƛŎŀƭ ǿŀǾŜƭŜƴƎǘƘǎ ό˃Ґмύ [85]. 

 Ͻɳ╔ πȟ Ͻɳ║ π 9ǉǳŀǝƻƴ нΦр 
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9ǉǳŀǝƻƴ нΦс 

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, and the material is 

therefore transparent. With all these assumptions, the Maxwell equations can be represented 

by Equation 2.5 and Equation 2.6. 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 propagate. 
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9ǉǳŀǝƻƴ нΦт 

aŀȄǿŜƭƭΩǎ Ŝǉǳŀǘƛƻƴǎ ŀǊŜ ŎƻǳǇƭŜŘ ŦƛǊǎǘ-order partial differential equations, but using some well-

known vector identities, they can be decoupled to yield the second-order equation (Equation 

2.7) [86]Σ ŀƭǎƻ ƪƴƻǿƴ ŀǎ ǘƘŜ άǿŀǾŜ ŜǉǳŀǘƛƻƴέΦ ¢Ƙƛǎ Ŝǉǳŀǘƛƻƴ ŘŜǎŎǊƛōŜǎ ŀ ǿŀǾŜ ǿƛǘƘ ǇǊƻǇŀƎŀǘƛƻƴ 

velocity ρȾЍ‘‐, i.e., the speed of light in a vacuum c Ғ 3x108ms-1. 

 ρ

Ѝ‘‐
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ὲ
ȟ ύὬὩὶὩ ὲ

‘‐

‘‐
 9ǉǳŀǝƻƴ нΦу 

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 change to the Maxwell equations is to 

replace ˃ 0 and ʁ 0 ǿƛǘƘ ˃ ŀƴŘ ʶΦ ¢ƘŜ ǇǊƻǇŀƎŀǘƛƻƴ ǾŜƭƻŎƛǘȅ ƻŦ ǘƘŜ ǿŀǾŜ ǘƘǊƻǳƎƘ ǘƘŜ ƳŀǘŜǊƛŀƭ ƛǎ ǘƘŜƴ 

given by Equation 2.8. 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 approximated as ὲ Ѝ‐. 

 ╔►ȟὸ ╔►Ὡ ȟ ╗►ȟὸ ╗►Ὡ  9ǉǳŀǝƻƴ нΦф 

Exploiting all the Maxwell equation assumptions, the temporal (t) and spatial (r) terms can be 

separated and Equation 2.8 Ŏŀƴ ōŜ ŜȄǇǊŜǎǎŜŘ ŀǎ άƘŀǊƳƻƴƛŎ ƳƻŘŜǎέΦ Equation 2.9 describes 
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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 calculated 

ōȅ ǘǊŜŀǘƛƴƎ aŀȄǿŜƭƭΩǎ Ŝǉǳŀǘƛƻƴǎ ŀǎ ŀƴ ŜƛƎŜƴǾŀƭǳŜ ǇǊƻōƭŜƳΣ ǿƘŜǊŜ ǘƘŜ ǊŜǎǳƭǘƛƴƎ ƳƻŘŜ ǇǊƻŦƛƭŜǎ 

are the eigenfunctions of the system and the angular frequencies are the corresponding 

eigenvalues [87]. 

 

нΦмΦнΦ [ƛƎƘǘ ƛƴ ²ŀǾŜƎǳƛŘŜǎ 

The origin of the harmonic mode solutions 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 

waveguide is 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 guides or waveguide strips that 

are used, and it is here that I will focus my discussion. 

 

CƛƎǳǊŜ нΦм: (a) .ŀǎƛŎ ǎǘǊǳŎǘǳǊŜ ƻŦ ǘƘŜ ƻǇǝŎŀƭ ǿŀǾŜƎǳƛŘŜ ǿƛǘƘ ƛƴŘƛŎŀǘŜŘ ǊŜŦǊŀŎǝǾŜ ƛƴŘƛŎŜǎ ŀƴŘ όōύ ǊŜŦǊŀŎǝǾŜ 

ƛƴŘŜȄ ǇǊƻŬƭŜ ƻŦ ǘƘŜ ƻǇǝŎŀƭ ǿŀǾŜƎǳƛŘŜΦ [ƛƎƘǘ Ǌŀȅ ƛǎ ƛƴŘƛŎŀǘŜŘ ōȅ ǘƘŜ ǊŜŘ ŀǊǊƻǿ ƛƴ όŀύΣ ƎǳƛŘŜŘ ƛƴ ǘƘŜ ōƭǳŜ 

ǿŀǾŜƎǳƛŘŜ ƭŀȅŜǊΦ 

The basic optical waveguide consists of a core material, in which the light is confined, 

surrounded by a cladding layer, as illustrated in Figure 2.1(a). The cladding layer (n0) may be air 

in some cases, but for the light to be guided in the core material, the refractive index (n1) must 

be higher than that of the cladding layer, as illustrated in Figure 2.1(b). 
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The condition for TIR at the core-cladding interface is given as a function of the refractive indices 

(n1 and n0) and the internal reflection angle (˒), which in turn is related to the incident angle ()̒ 

as shown in Equation 2.10. 

 
— ÓÉÎ ὲ ὲ ḳ— ȟ — ḙ ὲ ὲ 9ǉǳŀǝƻƴ нΦмм 

Equation 2.11 can be used to determine the limit of the incident angle (m̒), known as the critical 

angle. This denotes the maximum angle at which light may be coupled into the waveguide and 

ōŜ Ŧǳƭƭȅ ƎǳƛŘŜŘ ǘƘǊƻǳƎƘ ¢Lw ŀƴŘ ƛǎ ƻŦǘŜƴ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ǘƘŜ άƴǳƳŜǊƛŎŀƭ ŀǇŜǊǘǳǊŜέ όb!ύ ƻŦ ǘƘŜ 

waveguide. 
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9ǉǳŀǝƻƴ нΦмн 

The relative refractive index difference (ɲ), commonly expressed as a percentage, is related to 

the numerical aperture as detailed in Equation 2.12 [88]. It should be noted, however, that the 

acceptance angle is discrete, and each associated mode can be determined through the 

following analysis. 

Consider the waveguide mode illustrated in Figure 2.1, propagating in the z-direction with an 

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

ōȅ ǘƘŜ ǾŀŎǳǳƳ ǿŀǾŜƭŜƴƎǘƘ ό˂ύ ŀƴŘ ǘƘŜ ŎƻǊŜ ƛƴŘŜȄ όƴ1), and we know the wave vector magnitude 

is given by Equation 2.1. 
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 ‍ ὯὲÃÏÓ•ȟ ‖ ὯὲÓÉÎ •  9ǉǳŀǝƻƴ нΦмо 

Such a scenario is illustrated in Figure 2.2Φ !ǎ ǘƘŜ ǿŀǾŜ ƛǎ ǎƛƴǳǎƻƛŘŀƭΣ ǿŜ Ŏŀƴ ǳǎŜ 9ǳƭŜǊΩǎ ŦƻǊƳǳƭŀ 

[89] to represent the propagation constants that determine the light ray vector (kn1). The z- and 

x-ŘƛǊŜŎǘƛƻƴŀƭ ŎƻƳǇƻƴŜƴǘǎ ŀǊŜ ƎƛǾŜƴ ōȅ ʲ ŀƴŘ ˁΣ ǊŜǎǇŜŎǘƛǾŜƭȅΣ ƛƴ Equation 2.13. Hence, we can 

adjust our expression for an electromagnetic wave (Equation 2.9), for the case where it is 

ǇǊƻǇŀƎŀǘƛƴƎ ǿƛǘƘ ŀ Ŏƻƴǎǘŀƴǘ ʲ ǘƻ Equation 2.14. 

 ╔►ȟὸ ╔►Ὡ ȟ ╗►ȟὸ ╗►Ὡ  9ǉǳŀǝƻƴ нΦмп 

Let us consider the phase difference between the two light rays on the same plane illustrated in 

Figure 2.2 as |PQ| and |RS|. Despite the extra core-cladding reflections experienced by ray RS, 

ǘƘŜ ƻǇǘƛŎŀƭ ǇŀǘƘǎ ƻŦ ǘƘŜ ǘǿƻ Ǌŀȅǎ ǎƘƻǳƭŘ ŘƛŦŦŜǊ ōȅ ŀ ƳǳƭǘƛǇƭŜ ƻŦ нˉ ŀǎ ǘƘŜȅ ŀǊŜ ƻƴ ǘƘŜ ǎŀƳŜ ǇƘŀǎŜ 

front. 
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 Ὧὲὰ ςɮ Ὧὲὰ ςά“ 9ǉǳŀǝƻƴ нΦмс 

The distance between points P and Q, and R and S, can be expressed using Equation 2.16 and 

the phase (˒ ) matching condition then becomes Equation 2.17, where m is an integer. 
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Combining Equation 2.16, Equation 2.17, and the Goos-Hänchen [90] shift, yields the condition 

for propagation angle (˒) shown in Equation 2.17. This shows that the propagation 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 phase-matching condition of Equation 

2.17 is called the mode. The allowed value of the propŀƎŀǘƛƻƴ Ŏƻƴǎǘŀƴǘ ʲ ƛǎ ŀƭǎƻ ŘƛǎŎǊŜǘŜ ŀƴŘ ƛǎ 

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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нΦмΦоΦ [ƛƎƘǘ ƛƴ tŜǊƛƻŘƛŎ {ǘǊǳŎǘǳǊŜǎ 

To this point I have only considered a homogenous medium, where the harmonic solutions to 

the wave equations are plane waves and the permittivity ()ʁ has been considered only as the 

real component (ʁr) of the refractive index (n). 

 Ⱡ ‐ Ὥ‐ ▪ ὲ ὭὯ 9ǉǳŀǝƻƴ нΦму 

While the use of complex materials (Equation 2.18) 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 the material 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 three-dimensions. For simplicity and relevance to this work, I will 

only consider a photonic crystal with periodic permittivity in one dimension. 

 ╔▓► ό▓►Ὡ
▓Ͻ► 9ǉǳŀǝƻƴ нΦмф 

.ƭƻŎƘΩǎ ǘƘŜƻǊŜƳ [92] states that when the permittivity is periodic, the spatial mode profiles 

(Ek(r)) can be expressed as a plane wave with an amplitude modulated by a function (uk(r)) with 

the same periodicity as the permittivity, as detailed in Equation 2.19 [93]. 
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╔▓► Ὁ Ὡ▓ ╖Ͻ►ȟ ά Ễȟςȟρȟπȟρȟςȟȣ 9ǉǳŀǝƻƴ нΦнм 

The Bloch states given by Equation 2.19 are distinguished by their k-vector but can be expressed 

using a grating vector (G), which is a function of the grating period (a). This leads to Equation 

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 the incident k-vector. 
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CƛƎǳǊŜ нΦоΥ LƭƭǳǎǘǊŀǝƻƴ ƻŦ ŀ ǘȅǇƛŎŀƭ м5 ǇŜǊƛƻŘƛŎ ǎǘǊǳŎǘǳǊŜ ǳǎŜŘ ƛƴ ǘƘƛǎ ǿƻǊƪΣ ǿƛǘƘ ƎǳƛŘŜŘ ŀƴŘ ŘƛũǊŀŎǘŜŘ ƳƻŘŜǎ 

ƛƴŘƛŎŀǘŜŘΦ 

This means that the incident wave splits into diffraction orders, each with their own k-vectors 

as illustrated in Figure 2.3, a diagram of the typical 1D periodic structure used in this work. Light 

is incident on the grating from below, with a k-vector (kinc), through the substrate material (ns) 

at normal incidence. The grating (ng) and cover (nc) indices are marked, with the grating having 

a thickness (tg), 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 illustrated in Figure 2.3, with the 

diffraction orders individually marked with their order up to, but not limited to, m = ±2. 

 Ὧȟ Ὧȟ άὋȟ ά Ễȟςȟρȟπȟρȟςȟȣ   9ǉǳŀǝƻƴ нΦнн 
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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 phase-matching condition in the 

direction of the periodicity (x) (Equation 2.22). Substituting more suitable values for the k-

vectors and introducing an electric field weighted average refractive index (neff), known as the 
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άŜŦŦŜŎǘƛǾŜ ƛƴŘŜȄέΣ ǿŜ Ŏŀƴ ǊŜŀǊǊŀƴƎŜ ǘƻ ȅƛŜƭŘ ǘƘŜ ŦŀƳƛƭƛŀǊ ƎǊŀǘƛƴƎ Ŝǉǳŀǘƛƻƴ όEquation 2.23). Here 

I have used ̒m and ̒ inc to indicate the diffraction angle of the mth order mode and the incident 

light respectively, a represents the grating period, and ˂0 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 parameters [87], but a more in-depth analysis is beyond the scope of this thesis. 

 

нΦнΦ 5ŜǎŎǊƛōƛƴƎ tŜǊƳƛǩǾƛǘȅ 

Permittivity is simply the ratio of electric displacement 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 between 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 wavelength or 

frequency. 

For this work, the permittivity of the dielectric (insulating) materials has been well studied and 

characterised in the literature [84], [95], [96]; but the problem becomes more complex when 

considering metallic films, such as indium tin oxide. Here, the permittivity is strongly linked to 

ǘƘŜ ƳŀǘŜǊƛŀƭΩǎ ŜƭŜctron response to the electric 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 by classical forces 

acting on a negatively charged Ǝŀǎ ƻŦ ŜƭŜŎǘǊƻƴǎΦ ¢Ƙƛǎ ƳƻŘŜƭ ƛǎ ƪƴƻǿƴ ŀǎ ǘƘŜ ά5ǊǳŘŜ aƻŘŜƭέ [97]. 

 

нΦнΦмΦ ¢ƘŜ 5ǊǳŘŜ aƻŘŜƭ 

The Drude model [98] is an application of kinetic theory and aims to link electron motion to a 

ŎƻƴŘǳŎǘƻǊΩǎ ƳŀŎǊƻǎŎƻǇƛŎ ƳŀǘŜǊƛŀƭ ǇǊƻǇŜǊǘƛŜǎΦ ¢Ƙe model was extended by Lorentz, who linked 

the periodic motion of electrons to the current density equation derived by Drude to yield a 

permittivity [99]. To derive the Drude-Lorentz 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 motion between the ion cores. We assume 

that the electrons collide with the ion cores and other electrons with a frequency (ɱ), 

proportional to their velocity dxκŘǘΣ ǿƘƛŎƘ ŘŀƳǇǎ ǘƘŜƛǊ ƻǎŎƛƭƭŀǘƛƻƴΣ ƪƴƻǿƴ ŀǎ ǘƘŜ άŎƻƭƭƛǎƛƻƴ 
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ŦǊŜǉǳŜƴŎȅέΦ !ǎ ǘƘŜ ŜƭŜŎǘǊƻƴǎ ƳƻǾŜ ƛƴ ŀƴ electric field, they experience a force (F) which is 

proportional to their mass and acceleration (m* d2x/dt). 

 
άᶻ
Ὠ●ὸ

Ὠὸ
άᶻɜ

Ὠ●ὸ

Ὠὸ
Ὡ╔ὸ 

9ǉǳŀǝƻƴ нΦнп 

If we assume that the electric field has a time-harmonic dependence as given in Equation 2.9, 

ǘƘŜƴ ǘƘŜ ŘŜǎŎǊƛǇǘƛƻƴ ƻŦ ǘƘŜ ŜƭŜŎǘǊƻƴΩǎ Ƴƻǘƛƻƴ ōŜŎƻƳŜǎ Equation 2.24, where e represents the 

elementary charge [79]. The most convenient way to solve Equation 2.24 is to consider it as a 

function of frequency. 
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The time-harmonic electric field has a solution of the form ● ●Ὡ , which yields the general 

solution for the equations of motion, shown in Equation 2.25. Now that we have this solution, 

we can find the susceptibility and conductivity relationships and derive the permittivity 

equation. 

 ╟‫ ὲὩ●‫ ‐ʔʖἏʖ  9ǉǳŀǝƻƴ нΦнс 

If we assume that the electrons do not interact with each other, the polarisation density (P) is 

given as a function of the electron density (n) and has a linear relationship to the susceptibility 

( )̝ and the permittivity of free space (ʁ0), shown in Equation 2.26. The susceptibility is the 

component of the permittivity that is frequency dependent and is given by Equation 2.27. 
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Here we have incorporated the electron charge, charge density, and electron mass into a 

parameter known as the plasma frequency (̟p
2), shown in Equation 2.28. Now we have a 

function of the relative permittivity of the material (ʁr), given in Equation 2.29. 

 
‐ ρ …‫ ρ

‫

‫ Ὥ‫ɜ
 

9ǉǳŀǝƻƴ нΦнф 

CƛƴŀƭƭȅΣ ǿŜ ŎƻƴǎƛŘŜǊ ǘƘŜ ŎƻƴŘǳŎǘƛǾƛǘȅ ƻŦ ǘƘŜ ƳŀǘŜǊƛŀƭ ǳǎƛƴƎ hƘƳΩǎ ƭŀǿ [100], specifically the 

current density (j), which is proportional to the velocity of the electrons and the material 

conductivity (̀ ) (Equation 2.30). 
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This leads to the general permittivity equation (Equation 2.31) for the Drude-Lorentz model with 

the additional contributions from the ion cores manifesting as an offset in permittivity known as 

ǘƘŜ άƘƛƎƘ ŦǊŜǉǳŜƴŎȅ ǇŜǊƳƛǘǘƛǾƛǘȅέ ό‐ ) [101], [102]. 
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Using the complex permittivity relationship (Equation 2.32), it becomes clear that the real 

component of the permittivity (ʁr) is dominated by the electrical response of the material in an 

electric field, and the imaginary component (iʁ), i.e., that which contribute to the absorption of 

the material, is dominated by the collision frequency, and therefore the electron density. I have 

used the Drude-Lorentz model for permittivity above the plasma frequency, where the Drude 

model is valid for the material, throughout this work to characterise the optical response of thin 

film indium tin oxide in an electric field and have gone into more detail in chapter 4. 

 

нΦоΦ wŜǎƻƴŀƴǘ DǊŀǝƴƎǎ 

While resonant gratings are only a tool used in this work to further understand the 

characteristics of thin film indium tin oxide (section 4.6), it would be remiss of me not to discuss 

the theory of guided-mode resonance in high-contrast gratings to further the understanding in 

this thesis. High-contrast gratings allow for a higher reflectivity and quality factor in their 

resonance, hence the inclusion in this work as a characterisation tool. Here I will briefly discuss 

the principle of guided-mode resonances, and how the grating parameters can affect the 

resultant optical response. The operation of these structures is derived from the theory 

discussed in section 2.1.3. 

 

нΦоΦмΦ DǳƛŘŜŘπaƻŘŜ wŜǎƻƴŀƴŎŜǎ 

Guided-modes resonances (GMRs) are supported by a grating when the grating layer also 

operates as the waveguiding layer. Here I will refer to Figure 2.3 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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layers, or the fill factor [87]. 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 response 

(section 4.6). 
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The resonance in these structures is governed by Equation 2.34, which states that the effective 

index of the mode must be higher than the refractive index of the surrounding layer, which I 

have assumed to be the substrate layer in Figure 2.3. This condition is a direct result of the Bragg 

condition at the boundary between two permittivities, and the solution to the Bloch mode 

equation detailed in Equation 2.23. 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 (tg). The other condition in Equation 2.34 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 referred to as ǘƘŜ άƴŜŀǊ-ƭŀƳōŘŀέ ŎƻƴŘƛǘƛƻƴ [103]. 

 

нΦоΦнΦ hǇŜǊŀǝƻƴ aƻŘŜǎ 

From Equation 2.34, we can extract the three operating modes of a GMR grating, determined 

by the grating thickness (tg) and the grating period (a). To demonstrate this, I used a rigorous 

coupled-wave analysis (RCWA) technique using an implementation ƪƴƻǿƴ ŀǎ ά{пέ [104], which 

I will discuss in detail (section 3.2). I used an indium tin oxide grating (ng=2.0) and a borosilicate 

substrate (ns=1.46) with air as the cover material (nc=1). The ridge width is determined by a 

ǎŎŀƭƛƴƎ ŦŀŎǘƻǊΣ ƪƴƻǿƴ ŀǎ άŦƛƭƭ ŦŀŎǘƻǊέΣ ǿƘƛŎƘ ǿŀǎ ǎŜǘ ǘƻ лΦтΣ ŀƴŘ ǘƘŜ ƎǊŀǘƛƴƎ ǇŜǊƛƻŘ ǿŀǎ ǎŜǘ ǘƻ 

500nm; this yields a ridge with of 350nm. The grating response is in the transverse electric (TE) 

polarisation. The resulting resonant response is shown in Figure 2.4(a), with the three operating 

modes. 
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CƛƎǳǊŜ нΦпΥ wŜƅŜŎǘŀƴŎŜ ŀǎ ŀ ŦǳƴŎǝƻƴ ƻŦ ǿŀǾŜƭŜƴƎǘƘ ό˂ύ ŀƴŘ ƎǊŀǝƴƎ ǘƘƛŎƪƴŜǎǎ όǘύΣ ōƻǘƘ ƴƻǊƳŀƭƛǎŜŘ ǘƻ ƎǊŀǝƴƎ 

ǇŜǊƛƻŘ όŀύΣ ǎƘƻǿƛƴƎ ǘƘŜ ŘƛũǊŀŎǝǾŜΣ ƴŜŀǊπ˂ Σ ŀƴŘ ǎǳōπ˂  ƻǇŜǊŀǝƻƴ ƳƻŘŜǎΦ 

The three operating modes shown in Figure 2.4 are as follows: 

 

CƛƎǳǊŜ нΦрΥ {ŎƘŜƳŀǝŎ ƻŦ ŘƛũǊŀŎǝǾŜ ƻǇŜǊŀǝƴƎ ƳƻŘŜ ŦƻǊ ŀ ǊŜǎƻƴŀƴǘ ǎǘǊǳŎǘǳǊŜΦ 

Diffractive: The grating is purely diffractive and generates modes at different angles, observed 

by the high reflectivity around 0.7-0.8 on the x-axis in Figure 2.4. This occurs at /˂a Җ мΦп 

(approximately the index of the substrate), as dictated by the grating equation (Equation 2.34), 

and in this regime it is the Fabry-Perot response of the thin film that can be observed in Figure 
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2.4 by the horizontal light and dark pattern in the reflectance. As illustrated in Figure 2.5, 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. 

 

CƛƎǳǊŜ нΦсΥ {ŎƘŜƳŀǝŎ ƻŦ ƴŜŀǊπ˂ ƻǇŜǊŀǝƴƎ ƳƻŘŜ ŦƻǊ ŀ ǊŜǎƻƴŀƴǘ ǎǘǊǳŎǘǳǊŜΦ 

Near-˂Υ For this grating there is one mode of high intensity, indicated by the strong 

reflectance bar between the green dotted lines in Figure 2.4. This is a guided mode 

resonance, occurring in the 1.4 Җ ˂ κŀ Җ мΦс όŀǇǇǊƻȄƛƳŀǘŜƭȅ ǘƘŜ ƛƴŘŜȄ ƻŦ ǘƘŜ ǎǳōǎǘǊŀǘŜ ŀƴŘ 

the effective index of the structure), as dictated by the grating equation (Equation 2.34), 

region. Here we are observing the fundamental mode (m = лΣ ʻm = 0°), with the other 

diffractive modes coupling into the grating layer due to a high effective index. As 

illustrated in Figure 2.6, the reflectance within the grating is a result of the thin-film 

interference with guided mode excitation. The reflectance in Figure 2.4 is a result of the 

waveguide thickness beneath the grating, and more guided modes would be visible for 

a thicker waveguide layer. 



2.3. Resonant Gratings  2. Background and Theory 

67 
 

 

CƛƎǳǊŜ нΦтΥ {ŎƘŜƳŀǝŎ ƻŦ ǎǳōπ˂ ƻǇŜǊŀǝƴƎ ƳƻŘŜ ŦƻǊ ŀ ǊŜǎƻƴŀƴǘ ǎǘǊǳŎǘǳǊŜΦ 

Sub-˂Υ When the grating period is sufficiently small compared to the wavelength, the 

GMR operates in a sub-˂ ƳƻŘŜΣ ǿƘŜǊŜ ǘƘŜ ƭƛƎƘǘ ōŜƘŀǾŜǎ ŀǎ ƛŦ ƛǘ ǿŀǎ ƛƴŎƛŘŜƴǘ ƻƴ ŀ ǘƘƛƴ 

film with the same effective index, the response is described by the Fresnel equations 

in this regime. We observe the sub-˂ ƻǇŜǊŀǘƛƴƎ ƳƻŘŜ ƛƴ Figure 2.4 ŀǘ ˂κŀ җ мΦс 

(approximately the effective index of the structure) as dictated by the grating equation 

(Equation 2.34). As illustrated in Figure 2.7, in the sub-˂ ǊŜƎƛƳŜΣ only the zero-order mode 

can propagate away from the grating, and we observe the thin film effect. 

It is clear from the above discussion that the ideal operating mode of the GMR grating is in the 

near- ,˂ where the 0th 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 inhomogeneous. These 

ǎŎŀǘǘŜǊŜŘ ƳƻŘŜǎ ŀǊŜ ƻŦǘŜƴ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ άƭŜŀƪȅ ƳƻŘŜǎέ [105]ς[108], and allow light to be 

coupled out of the grating. When these leaky modes are phase matched to the 0th order mode 

propagating through the structure, they produce a strong reflectance or transmittance 

response, which we observe in Figure 2.4 in the near-  ˂regime. 

The line shape of the grating resonance is asymmetric due to the interference between the 

slowly-varying thin-film response of the grating layer and the quickly-varying Bragg resonance 

of the in-plane guided modes. As such, it is common to observe a Fano line shape [109], where 

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

will be discussed in more detail in chapter 4. This has been a brief foray into GMR gratings, there 



2. Background and Theory  2.4. Slab Waveguide 

68 
 

is a significant body of literature concerning these structures [87], [94], [110]ς[115], and I have 

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

 

нΦпΦ {ƭŀō ²ŀǾŜƎǳƛŘŜ 

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 that I shall begin with. I have 

briefly discussed a 2D analysis of the effective index of a waveguide, now I 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 propagation, but also perpendicular to the direction of propagation, 

like that illustrated in Figure 2.8. 

 

CƛƎǳǊŜ нΦуΥ LƭƭǳǎǘǊŀǝƻƴ ƻŦ ǎƭŀō ǿŀǾŜƎǳƛŘŜΣ ƭŀȅŜǊ ƳŀǘŜǊƛŀƭǎΣ ǇŜǊƳƛǩǾƛǝŜǎΣ ŀƴŘ ŘƛƳŜƴǎƛƻƴǎ ŀǊŜ ƴƻǘ ƛƳǇƻǊǘŀƴǘΣ 

ƴƻǘŜ ǘƘŀǘ ǘƘŜ ȅ ǎŎŀƭŜ ƛǎ ǎƛƎƴƛŬŎŀƴǘƭȅ ƭŀǊƎŜǊ ǘƘŀƴ ǘƘŜ ǿŀǾŜƭŜƴƎǘƘ ƻŦ ǇǊƻǇŀƎŀǝƴƎ ƭƛƎƘǘ ǘƻ ŜƴǎǳǊŜ ƛƴǾŀǊƛŀƴŎŜ 

ƛƴ ȅΦ tǊƻǇŀƎŀǝƻƴ ƛǎ ƛƴ ǘƘŜ ȊπŘƛǊŜŎǝƻƴΣ ƛƴŘƛŎŀǘŜŘ ōȅ ǘƘŜ ǊŜŘ ŀǊǊƻǿΦ 

In this instance, each layer in considered invariant in both the z- and y-direction compared to 

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

approximate the waveguide mode propagation through simple numerical analysis. 
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нΦпΦмΦ aǳƭǝπ[ŀȅŜǊ {ƭŀō ²ŀǾŜƎǳƛŘŜ 

The derivation of an analytical model for a multi-layer slab waveguide, as illustrated in Figure 

2.8Σ ōŜƎƛƴǎ ǿƛǘƘ aŀȄǿŜƭƭΩǎ ŎǳǊƭ Ŝǉǳŀǘƛƻƴǎ όEquation 2.6). 

 ╔► ╔►Ὡ ȟ ╗► ╗►Ὡ  9ǉǳŀǝƻƴ нΦор 

Substituting Equation 2.35 into the curl equations yields two sets of eigenmodes for the 

transverse electric (TE) and transverse magnetic (TM) orientations, where e and h are the 

electric and magnetic field components. 
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Equation 2.36 

By eliminating the x- and z-field components, the eigenmodes yield two second order 

differentials shown in Equation 2.36. 
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9ǉǳŀǝƻƴ нΦот 

However, because the multi-layer slab waveguide consists of several layers with piecewise 

refractive index (ni), we can consider the k-vector piecewise (kx,i) for a layer with thickness di. 

The result is the general solution shown in  

Equation 2.37, where k0 and  ̡ are the free-space k-vector and propagation constant, 

respectively. 
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CƛƎǳǊŜ нΦфΥ aǳƭǝƭŀȅŜǊ ǎƭŀō ǿŀǾŜƎǳƛŘŜ ǿƛǘƘ ǇƛŜŎŜǿƛǎŜ ǊŜŦǊŀŎǝǾŜ ƛƴŘŜȄ όƴύΣ ŜƭŜŎǘǊƛŎ ŬŜƭŘ όŜύΣ ŀƴŘ ǘƘƛŎƪƴŜǎǎ 

όŘύΦ 

A simplistic piecewise illustration of a multilayer slab waveguide is illustrated in Figure 2.9, 

where I 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 cross-section of Equation 2.5. 
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By applying appropriate boundary conditions, 
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the piecewise eigenmode ( 

Equation 2.37) can be calculated using the matrix equation shown in  

Equation 2.38 [116]ς[118]. This method can be applied to analytical models and is often used by 

simulation techniques to yield the effective index (neff) of a multilayer waveguide. I will use  

Equation 2.38 (section 3.4) to demonstrate the effective index of my waveguide modulators. 
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нΦрΦ hǇǝŎŀƭ aƻŘǳƭŀǝƻƴ 

As discussed in the introduction (section 1.3), 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 discuss the design 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 on the use of an interferometric setup, where 

the interference of a modulated and unmodulated signal creates a measured output. In this 

section I will discuss how this can be achieved, and the important considerations therein for the 

modulators presented in this work. 

 

нΦрΦмΦ aŀŎƘπ½ŜƘƴŘŜǊ LƴǘŜǊŦŜǊƻƳŜǘŜǊ 

The Mach-Zehnder 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 MZI is typically considered with free-space optics, the principle can be extended to integrated 

optics as it relies on a very simple and well-known equation. 
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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) from Equation 2.8, 

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 of the distance (d) as shown in Equation 2.40. 
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CƛƎǳǊŜ нΦмлΥ aŀŎƘπ½ŜƘƴŘŜǊ LƴǘŜǊŦŜǊƻƳŜǘŜǊ 

As illustrated in Figure 2.10, an MZI splits a singular beam of light of wavelength ()˂ into two 

paths (U and D) using a beam splitter. We can consider a phase () change 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 an extra distance component for path D, and if we assume 

this to be ˂ /2, then there is destructive interference and no light is being detected [119]. 

For an ideal MZI, each reflection (and path length difference) contributes a /˂2 phase shift and 

results in perfect constructive and destructive interference. However, there is a great body of 

research [74], [75], [77], [120]ς[122] describing the electrical tuning of the phase shift to 

produce a range of interference responses. 
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CƛƎǳǊŜ нΦммΥ aŀŎƘπ½ŜƘƴŘŜǊ ƛƴǘŜǊŦŜǊƻƳŜǘŜǊ ǿŀǾŜƎǳƛŘŜ ǇƭŀǜƻǊƳΦ 

In integrated optics, the phase shift can be achieved by changing the OPL, and the beam splitting 

technique can be realised via a multi-mode interferometer (MMI) or a Y-junction waveguide, as 

illustrated in Figure 2.11 where a single input is split into two waveguides and recombined to 

one output. In this instance, the optical path length is changed on the split waveguide paths. 

This design platform is discussed further in section 3.6. 

 

нΦрΦнΦ tƘŀǎŜ aƻŘǳƭŀǝƻƴ 

Given that a change (modulation) in phase is the desirable effect in optical modulation, we now 

need to consider how the optical path length can be modulated. A change in optical path length, 

or the difference (OPD), is the difference of the refractive index (n) and distance (d) product 

between two paths. The phase () of the light is then given as: 
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where ˂  is the wavelength of the input light. In 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 using Equation 2.41. 
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CƛƎǳǊŜ нΦмнΥ LƭƭǳǎǘǊŀǝƻƴ ƻŦ ǇƘŀǎŜ ǎƘƛƊ ƳŜǘƘƻŘǎ ƛƴ aŀŎƘπ½ŜƘƴŘŜǊ ƳƻŘǳƭŀǘƻǊΦ 

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 illustrated in Figure 

2.12 where the system is identical on the left and right side of the black lines, and the optical 

path length only changes in the middle of the Mach-Zehnder interferometer. 

 ╔ ╔ ὥὩ ὥὩ  9ǉǳŀǝƻƴ нΦпн 
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The input and output of the interferometer is a singular waveguide, though it is not illustrated 

here. Using the principle of superposition, the output electric field (Eout) can be represented as 

shown in Equation 2.42, where Ein represents the input electric field, a1 and a2 are the amplitudes 

of the light signals in arms 1 and 2 (these are equal to 1 in a loss-less system), and 1 and 2 are 

the phases corresponding to the propagation through each arm, where the difference in the 

ǇƘŀǎŜǎΣ ɲ, can be used to calculate the intensity transmission (T), as shown in Equation 2.43. 

As the intensity is given as the cosine of the phase difference, as ǘƘŜ ǘǿƻ ǇŀǘƘǎ ŀǇǇǊƻŀŎƘ ŀ ˉ-

phase difference, the intensity tends to a minimum. 
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нΦрΦоΦ !ōǎƻǊǇǝƻƴ aƻŘǳƭŀǝƻƴ 

So far, I have only considered a loss-less system, where the modulation is achieved through a 

change in the effective refractive index (neff). In absorption modulation, we consider a material 

with loss (h ). 

 
▪ ὲ ὭὯȟ ‌

τ“Ὧ

‗
 

9ǉǳŀǝƻƴ нΦпп 

The complex refractive index (n) 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 

Equation 2.44. It follows that a waveguide mode experiences both an effective index and an 

effective loss (keff, h eff), such that an input signal is modulated in intensity (I) as well as in phase. 

 Ὅ ὍὩ  9ǉǳŀǝƻƴ нΦпр 

The intensity of the output signal is given by the Beer-Lambert law [123] and is a function of the 

input intensity (I0), the and the effective absorption length (heffd) (Equation 2.45). 

 

CƛƎǳǊŜ нΦмоΥ LƭƭǳǎǘǊŀǝƻƴ ƻŦ ŀōǎƻǊǇǝƻƴ ƳƻŘǳƭŀǝƻƴ ŎƻƴŎŜǇǘΦ 

Absorption modulation can be achieved, then, either as a stand-alone technique as illustrated 

in Figure 2.13, or by including absorption in the phase modulation calculation in Equation 2.41, 

taking the effective index as the complex effective index (neff). 

 

нΦсΦ tƘŀǎŜ aƻŘǳƭŀǝƻƴ 

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

of work I will focus on the electrical modulation of the refractive index component of the optical 

path length due to the integrated optics aspect of my work, in free space this could be achieved 

by changing the physical path length (d). As discussed in section 1.4 the electrical tuning of the 

refractive index can be achieved with transparent conductive oxides (TCOs), where the complex 

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 modulation [80] (in a very thin film) through the gated accumulation of 
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electrons using a metal-oxide-semiconductor (MOS) capacitor. Here, I will discuss the MOS 

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

 

нΦсΦмΦ /ƻƴŘǳŎǝǾƛǘȅ ƛƴ {ŜƳƛŎƻƴŘǳŎǘƻǊǎ 

The electrical conductivity of metals, semiconductors, and insulators can be described 

qualitatively in terms of their energy bands. Metals are characterised by very high conductivity, 

where the conduction band is either partially 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 in insulators 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 that are affected by temperature in semiconductor materials, the mobility 

of the carriers and the number of carriers available, though the latter is more dependent on the 

doping level (the initial concentration of carriers). Semiconductors have a small energy bandgap, 

of the order of 1 eV at room temperature. At a temperature of 0K 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 that the electrons can get excited 

into the conduction band. There are many empty states in the conduction band at room 

temperature, so a small applied potential can move some valence electrons into the conduction 

band, thus semiconductors may conduct a moderate current. 

Temperature alone only accounts for a small increase in available carriers, doping a 

semiconductor is the easiest way to change the number of available carriers. A semiconductor 

that is doped with a group III element is labelled p-type and is labelled with n-type if the doping 

element is a group V element. P-type semiconductors have majority carriers as holes, and n-type 

have majority carriers as electrons. A degenerate semiconductor is doped to such a high level 

that is acts more like a conductor and a non-degenerate behaves more like an insulator. Indium 

tin oxide, as is discussed in the following sections, is a degenerate n-type semiconductor. 
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нΦсΦнΦ ¢ƘŜ LŘŜŀƭ ah{ {ǘǊǳŎǘǳǊŜ 

The MOS structure is an important type of structure in the world of semiconductor devices, 

being at the core of applications such as metal-oxide-semiconductor field effect transistor 

(MOSFET) [5], [124]ς[128], charge-coupled devices (CCDs) [129]ς[132], and electro-optic 

modulators (EOMs) [74], [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 the electronic 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 MOSFET [135], [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 100 nm, but for 

degenerate semiconductors it shrinks to a much lower value (1-2 nm) [137]. 

 

CƛƎǳǊŜ нΦмпΥ /ǊƻǎǎπǎŜŎǝƻƴ ƻŦ ŀ ƳŜǘŀƭπƻȄƛŘŜπǎŜƳƛŎƻƴŘǳŎǘƻǊ ǎǘǊǳŎǘǳǊŜΦ 

An ideal MOS structure consists of three materials; a metal, an ideal insulator in which we can 

neglect charge accumulation and tunnelling, and a semiconductor, as illustrated in Figure 2.14. 

For this analysis, we assume that the insulator (oxide) has 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] 
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9ǉǳŀǝƻƴ нΦпс 

Furthermore, for the ideal MOS structure, the energy difference (ms) is equal to the difference 

between the metal and the semiconductor work functions (m and 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 

Equation 2.46, can be calculated from the electron affinity (̝), the energy difference ( B̞) 

between the Fermi level (Ef) and the intrinsic Fermi level (Ei), and the band gap energy (Eg), 

where the elementary charge (e) has its usual meaning. Essentially, the structure is in flat-band 

condition when there is no applied voltage. 

 

нΦсΦоΦ {ǇŀŎŜ /ƘŀǊƎŜ wŜƎƛƻƴ 

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 between depletion and inversion is the threshold 

voltage. The flat-band voltage is the voltage at which no band bending occurs and the energy 

bands are flat. Since the bands are flat, the electric field is zero everywhere and the hole 

concentration is the same as the acceptor concentration, and the charge density is zero. 

 

CƛƎǳǊŜ нΦмрΥ 9ƴŜǊƎȅ ōŀƴŘ ŘƛŀƎǊŀƳ ŀƴŘ ŎƘŀǊƎŜ ŘƛǎǘǊƛōǳǝƻƴ ƻŦ ŀƴ ƛŘŜŀƭ ah{ ŎŀǇŀŎƛǘƻǊ ƛƴ ŀŎŎǳƳǳƭŀǝƻƴΦ 

Accumulation: For the p-type semiconductor, a negative voltage at the metal causes the energy 

bands near the semiconductor surface to bend upward as illustrated in Figure 2.15. As no current 

flows in an ideal MOS structure, the Fermi level in the semiconductor remains constant. The 

bending of the bands causes an increase in the energy difference (Ei ς Ef), thus yielding an 

enhanced concentration of majority carriers (holes for p-type). 

9C
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CƛƎǳǊŜ нΦмсΥ 9ƴŜǊƎȅ ōŀƴŘ ŘƛŀƎǊŀƳ ŀƴŘ ŎƘŀǊƎŜ ŘƛǎǘǊƛōǳǝƻƴ ƻŦ ŀƴ ƛŘŜŀƭ ah{ ŎŀǇŀŎƛǘƻǊ ƛƴ ŘŜǇƭŜǝƻƴΦ 

Depletion: When a small positive voltage is applied at the metal, the energy bands near the p-

type semiconductor surface bend downward as illustrated in Figure 2.16. This bending causes 

the majority carriers (holes for p-type) to be depleted. 

 

CƛƎǳǊŜ нΦмтΥ 9ƴŜǊƎȅ ōŀƴŘ ŘƛŀƎǊŀƳ ŀƴŘ ŎƘŀǊƎŜ ŘƛǎǘǊƛōǳǝƻƴ ƻŦ ŀƴ ƛŘŜŀƭ ah{ ŎŀǇŀŎƛǘƻǊ ƛƴ ƛƴǾŜǊǎƛƻƴΦ 

Inversion: As the positive voltage applied to the metal increases, the energy bands bend further 

downward such that the intrinsic Fermi level crosses the Fermi level at the semiconductor 

surface as illustrated in Figure 2.17. The positive voltage begins to induce excess negative 

carriers (electrons) at the semiconductor-insulator interface. The electron concentration is then 

larger than the intrinsic carrier concentration (ni) and the hole concentration is lower than ni and 

the surface is inverted. 

The above is a description of accumulation and depletion in a p-type semiconductor, but the 

principle can be applied to an n-type where the positive voltage induces an accumulation of 

Ȅ
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electrons, and a negative voltage induces the depletion of electrons. The space charge region 

description is applicable in both instances. 

 ὗ Ὡὔύ 9ǉǳŀǝƻƴ нΦпт 

Once very 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 in Equation 2.47 [136]. 

 

нΦсΦпΦ /ŀǇŀŎƛǘŀƴŎŜ 

Capacitance is the measure of the ability of a device to store electric charge; the capacitance 

can be calculated either 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 voltage. We can 

quantify capacitance as the charge (q) per unit potential 

 
ὅ
ή

ὠ
ȟ ὅ ‐

ὃ

Ὠ
 

9ǉǳŀǝƻƴ нΦпу 

as shown in Equation 2.48 or calculate it geometrically using the material dielectric constant 

(ʶҐʶ0 rʁ) and the area of the smallest electrical contact (A) and the distance between the two 

contacts (d). Given that the charge per unit area (Q) is given by 

 ὗ
ήὩ

ὃ
 9ǉǳŀǝƻƴ нΦпф 

we can substitute Equation 2.48 to express the charge per unit area, or 2-dimensional density 

(n2D) as 
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9ǉǳŀǝƻƴ нΦрл 

that we can use to determine the carrier concentration in ITO under an applied gate voltage 

[138]. The conversion to a three-dimensional carrier density is a simple division by the space 

charge region thickness (~a few nm). A more in-depth analysis can be found in Appendix section 

9.2. 
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нΦтΦ L¢h ŦƻǊ 9ƭŜŎǘǊƻπhǇǝŎ aƻŘǳƭŀǝƻƴ 

Mach-Zehnder modulators have been employed by many authors in the field of electro-optic 

phase modulation [70], [139]ς[142]. Naturally, the figure of merit for such a device is given as a 

function of the achievable voltage-dependent phase shift (V̄), 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 detail in section 1.3.2, but as I have discussed the mechanism for voltage 

induced carrier modulation and refractive index modulation in this chapter, here I will use our 

calculations with literature results. 

 

нΦтΦмΦ .ŜƴŎƘƳŀǊƪƛƴƎ !ƴŀƭȅǝŎŀƭ ²ŀǾŜƎǳƛŘŜ aƻŘŜƭ 

I look to Sorger et al. [77] who demonstrated an ITO-based MZM on a silicon platform, operating 

at the telecommunication wavelength of 1550 nm. In their research, they were able to 

demonstrate a 0.52 Vmm figure of merit harnessing the refractive index modulation in a thin 

layer of ITO on top of one arm of the waveguide.  

 

CƛƎǳǊŜ нΦмуΥ н5 ǎŎƘŜƳŀǝŎ ƻŦ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ǇǊŜǎŜƴǘŜŘ ōȅ {ƻǊƎŜǊ Ŝǘ ŀƭΦ 

I began by looking at the carrier (electron) concentration in the accumulation layer, and although 

the literature states an accumulation layer thickness of 1-2 nm, the authors here claim a 5 nm 
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layer. The structure presented by the authors is illustrated in Figure 2.18 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 through a 5 nm accumulation 

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

and 32 ˃ m long. Using Equation 2.50 and the relevant parameters, I was able to determine a 

voltage-dependent carrier density in the 5nm accumulation layer, shown by the red line in Figure 

2.19, which naturally has a linear relationship. 

 

CƛƎǳǊŜ нΦмфΥ [ƻŎŀƭ ŎŀǊǊƛŜǊ ŘŜƴǎƛǘȅ ŀƴŘ ǊŜŦǊŀŎǝǾŜ ƛƴŘŜȄ ǿƛǘƘƛƴ рƴƳ ŀŎŎǳƳǳƭŀǝƻƴ ƭŀȅŜǊ ƻŦ L¢h ƛƴ ώттϐΦ 

The authors claim a free carrier density in their ITO of 2.29x1026 m-3 and a ɲƴκɲ±Ґ1x1019cm-3V-1. 

Our simplistic approximation agrees with their experimental results. Using this carrier density 

and Equation 2.31, I was then able to determine the material refractive index within the 

accumulation layer, leading to a local refractive index as shown in blue in Figure 2.19. Using the 

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

Equation 2.38, I was then able to determine the effective index of the guided modes within the 

structure. 
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CƛƎǳǊŜ нΦнлΥ 9ũŜŎǝǾŜ ƛƴŘŜȄ ŀǎ ŀ ŦǳƴŎǝƻƴ ƻŦ ƎŀǘŜ ǾƻƭǘŀƎŜ ŦƻǊ L¢hπōŀǎŜŘ ƳƻŘǳƭŀǝƻƴ ƛƴ ώттϐ ǇƭƻǧŜŘ ŀǎ ŀ 

ŦǳƴŎǝƻƴ ƻŦ ǘƘŜ ƎŀǘŜ ǾƻƭǘŀƎŜΦ 

The fundamental waveguide mode is plotted as a function of the gate voltage in Figure 2.20, and 

we can see that there is an approximate ɲƴeffκɲ± ǊŜƭŀǘƛƻƴǎƘƛǇ ƻŦ 10-4 RIU/V. This value is two 

orders of magnitude smaller than the quoted value by the authors. Given that our model of 

electron accumulation 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 in refractive index of ITO, of unity order, given by the authors. 

 

нΦтΦнΦ 5ƛǎŎǊŜǇŀƴŎƛŜǎ ƛƴ ǘƘŜ [ƛǘŜǊŀǘǳǊŜ 

This observation leads on to an issue that will be addressed in section 4.3, 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 Feigenbaum [80], on the other hand use the electrical properties 

to determine the optical. In my brief study above, the latter technique is what I have used. I have 

discussed the common discrepancies in the literature surrounding ITO in more detail in section 

4.3 and set this question as one of the main goals of my research. 
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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 reporting a higher modulation 

performance and efficiency from their modulators. It is commonplace for these authors to 

ǎǳƎƎŜǎǘ ǘƘŀǘ ǘƘŜǊŜ ŀǊŜ ǇƛƴƘƻƭŜǎ ƛƴ ǘƘŜƛǊ ƛƴǎǳƭŀǘƻǊ ƭŀȅŜǊΣ ƭŜŀŘƛƴƎ ǘƻ άƳŜǘŀƭ ŦƛƴƎŜǊǎέ ŘŀƴƎƭƛƴƎ 

through their insulator layer, thus decreasing the capacitor separation distance (d) and providing 

an increase in performance. One such example in [80] is detailed in the supporting information 

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

to explain that their models do not fit their experimental observations, which is highly 

ǳƴǎŀǘƛǎŦŀŎǘƻǊȅΦ !ǎ ǎǳŎƘΣ ǘƘŜ ŜȄŀƳƛƴŀǘƛƻƴ ƻŦ ǘƘŜ ŜƭŜƳŜƴǘŀƭ άƭŜŀƪƛƴƎέ ƛƴǘƻ ǘƘŜ ƛƴǎǳƭŀǘƻǊ ƭŀȅŜǊ ƛǎ ŀ 

further question for my research. 
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оΦ 5ŜǎƛƎƴ ŀƴŘ {ƛƳǳƭŀǝƻƴ aŜǘƘƻŘǎ 

 

 

 

 

 

 

 

 

 

Chapter Synopsis 

This chapter presents the material choices and structure designs as influenced by the research 

Ǝƻŀƭǎ ŀƴŘ ǎƛƳǳƭŀǘƛƻƴǎ ŘƛǎŎǳǎǎŜŘ ƘŜǊŜƛƴΦ .ŜƴƧŀƳƛƴ CǊŀƴƪƭƛƴ ƻƴŎŜ ǎŀƛŘΣ άƛŦ ȅƻǳ Ŧŀƛƭ ǘƻ ǇƭŀƴΣ ȅƻǳ Ǉƭŀƴ 

ǘƻ ŦŀƛƭέΣ ŀƴŘ ǿƛǘƘ ƴŀƴƻŦŀōǊƛŎŀǘƛƻƴΣ ǘƘƛǎ ǎǘŀtement could not be more accurate. An overall concept 

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 no capacitance. Indeed, I was very fortunate to have access to the simulation 

and design techniques discussed in this chapter. Here I will discuss the choice of materials I will 

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

have an approximation of key dimensions, and the design considerations made allowing for 

fabrication and experimental tolerances quickly and inexpensively. Specifically, I will discuss 

the Fourier-Modal and Finite-Difference techniques used to design and implement the 

electro-optic modulators on which this thesis is built. I developed the Fourier-Modal and 

Finite-Difference simulations presented in this chapter over multiple years with 

inspiration from similar models available in and used regularly within the wider research 

group. With that in mind, I would like to acknowledge Dr 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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оΦмΦ /ƘƻƛŎŜ ƻŦ aŀǘŜǊƛŀƭǎ 

The electro-optic 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 using a gated semiconductor with an electrically tuned 

permittivity, an illustration of this concept is shown in Figure 3.1. 

 

CƛƎǳǊŜ оΦмΥ {ŎƘŜƳŀǝŎ ƻŦ ǇǊƻǇƻǎŜŘ ah{ 9h aƻŘǳƭŀǘƻǊ ǿƘŜǊŜ ǿƛŘǘƘ ό²ύ ŀƴŘ ǘƘƛŎƪƴŜǎǎŜǎ όǘύ ŀǊŜ ŘƛǎŎǳǎǎŜŘ 

ƛƴ ǘƘƛǎ ŎƘŀǇǘŜǊΦ 

There are several choices for the materials that form the metal-oxide-semiconductor (MOS) 

sandwich illustrated in Figure 3.1. The choice of materials has been heavily influenced by the 

collective knowledge of the research group, fabrication tolerances and limitations, and 

overarching research aims. Here I will summarise and explain my choice for each layer. 

 

оΦмΦмΦ ²ŀǾŜƎǳƛŘŜ 

Most of the ITO-based modulators described in the literature utilise the silicon platform, due to 

its technological maturity and corresponding popularity for datacomms applications [74], [77], 

[143], [144]. We decided not to go down this route and to use a silicon nitride platform instead 

because a) silicon nitride is transparent into the visible regime, which is more attractive for the 

optical neural network application targeted here [145]; b) similarly, silicon nitride is able to carry 
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higher power signals than silicon [73], which is essential for coherent optical processing 

requiring 100s of channels; c) finally, alternatives for silicon modulators already exist based on 

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

Silicon nitride (SI3N4) 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 thickness used in the research group is 150 nm 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 

increase mode overlap with the semiconductor layer (section 3.4.2). 

 

оΦмΦнΦ {ǳōǎǘǊŀǘŜ 

Utilising Si3N4 on a borofloat 33 substrate has a major issue, i.e., that it does not readily form a 

cleaved facet (section 5.6.9). As the waveguide geometry we are targeting requires end-fire 

coupling through a facet, this is a major drawback. We initially tried to address this issue by 

partial dicing (section 5.5.1) the wafers through the back (non-coated 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 onto which the silicon nitride was deposited commercially, as illustrated 

in Figure 3.1. 

Silicon is a cubic crystal structure with symmetry along the x, y, and z Cartesian coordinates, with 

a unit cell consisting of two face-centred-cubic (FCC) structures. The orientation of each face 

yields different chemical, mechanical, and optical properties, and is therefore an important 

parameter governing the material properties. Despite 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 cube [147], i.e., silicon 

cleaves readily and, as a result, I have been able to reliably create cleaved facets using a bulk 

silicon substrate. 

Moreover, using a silicon platform increases sample strength during fabrication, 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 fabrication will naturally increase the durability of the sample 

during fabrication. 
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оΦмΦоΦ {ŜƳƛŎƻƴŘǳŎǘƻǊ 

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 its doping density can be 

controlled over a wide range, allowing for control over the refractive index; correspondingly, 

several efficient ITO-based modulators have already been described in the literature [74], [79], 

[80], which provides a good starting point for my studies. The ITO layer is described in much 

more detail in (chapter 4). Fabrication tolerances due to equipment limitations and design 

choices have limited the layer thickness, which is discussed in section 3.5. 

 

оΦмΦпΦ hȄƛŘŜ 

The oxide, or insulator, layer in the capacitor has several requirements; a) it needs to be pinhole-

free to avoid leakage currents while b) it needs to be thin such that a moderate voltage is 

sufficient to create a strong electric field and modulate the carrier distribution in the ITO. We 

chose SU-8, an epoxy-based photoresist, chosen for its chemically and thermally stable 

properties; its thickness can be controlled via spin speed and chemical dilution during 

application. Once exposed and cured, SU-8 exhibits optical and chemical behaviour similar to 

silicon dioxide (SiO2) [148]. 

 

оΦмΦрΦ aŜǘŀƭ 

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 discussed in section 5.4.2 an adhesion layer is required 

between the oxide and gold layers. An adhesion layer of chromium was chosen, due to its 

electrical compatibility with gold [149]; the gold and chromium layers are discussed in more 

detail in section 5.6.8. 
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оΦнΦ {ƛƳǳƭŀǝƻƴ ¢ŜŎƘƴƛǉǳŜǎ 

Creating a MOS EO modulator, as illustrated in Figure 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 and optimise parameters by 

comparison. MOS EO modulators, as will be discussed in chapter 4, are not the only structures 

simulated in this body of work; I also simulated 2D periodic structures, that exhibit guided mode 

ǊŜǎƻƴŀƴŎŜ όDawύΦ /ƻƳǇǳǘŀǘƛƻƴŀƭ ŜƭŜŎǘǊƻƳŀƎƴŜǘƛǎƳ ό/9aύ ƛǎ ǳǎŜŘΣ ǿƘƛŎƘ ǎƻƭǾŜǎ aŀȄǿŜƭƭΩǎ 

equations through discretisation in both space and time. 

¢ƘŜ ǘƛƳŜ ŎƻƳǇƻƴŜƴǘ ƻŦ aŀȄǿŜƭƭΩǎ Ŝǉǳŀǘƛƻƴǎ Ŏŀƴ ōŜ ŘƛǎŎǊŜǘƛǎŜŘ ōȅ defining the electric field at 

discrete frequencies, using a finite-difference time-domain (FDTD) [150] or finite-difference 

frequency-domain (FDFD) [151] method. The space component can be discretised through a 

periodic permittivity distribution at discrete spatial frequencies in Fourier space, using the finite 

element method (FEM) [152] or the Fourier modal method (FMM) [153]. In my research I used 

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

and I will discuss both methods in this chapter. 

 

оΦнΦмΦ CƻǳǊƛŜǊ aƻŘŀƭ aŜǘƘƻŘ 

The Fourier modal method, also called rigorous coupled-wave analysis (RCWA) [104], [154], 

[155] or the scattering matrix method (SMM) [156], [157], is the ideal method for periodic 

structures of layers that are invariant normal to the periodicity. RCWA is the implementation of 

the time-harmonic spatial-ŦǊŜǉǳŜƴŎȅ ŦƻǊƳ ƻŦ aŀȄǿŜƭƭΩǎ ŜǉǳŀǘƛƻƴǎΣ ǘƘǊƻǳƎƘ ŜȄǇŀƴǎƛƻƴ ƻŦ ǘƘŜ 

electromagnetic fields within each layer into eigenmodes with an exponential dependence on 

ǘƘŜ ƴƻǊƳŀƭ ŘƛǊŜŎǘƛƻƴΦ .ƭƻŎƘΩǎ ǘƘŜƻǊŜƳ [92] underpins RCWA, so electromagnetic waves 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 Bloch eigenmode for each layer [158]. 

 ᶯ ╔ Ὥ9ǉǳŀǝƻƴ оΦм ╗‘‘‫ 

 ᶯ ╗ Ὥ9ǉǳŀǝƻƴ оΦн ╔‐‐‫ 

For isotopic homogeneous nonmagnetic materials without source, the time-harmonic Maxwell 

curl equations with a time dependence of e-i t̟ can be represented by Equation 3.1 and Equation 
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3.2, where E and H are the three-dimensional electric and magnetic fields respectively,  ̟is the 

angular frequency, ʁ0 and ˃ 0 are the vacuum permittivity and permeability respectively [159]. 

The relative permittivity and permeability (ʁ ŀƴŘ ˃ύ ŀǊŜ ƳŀǘŜǊƛŀƭ ŘŜǇŜƴŘŜƴǘ ǎǇŀǘƛŀƭƭȅ ǾŀǊȅƛƴƎ 

periodic functions and can be approximated by the truncated Fourier series. A simple 

distribution for a layer periodic in x and homogeneous in y and z is expressed in Equation 3.3 

and Equation 3.4. 

 
‐ ‐Ὡ  

9ǉǳŀǝƻƴ оΦо 

 
‘ ‘Ὡ  

9ǉǳŀǝƻƴ оΦп 

In Equation 3.3 and Equation 3.4Σ ʶn ŀƴŘ ˃n are the Fourier expansion coefficients of material 

permittivity and permeability, and Ὃ  represents the Bloch wavenumber, and a is the 

structure period. Equation 3.3 and Equation 3.4 define a unit cell with periodic boundary 

conditions, and N represents the finite number of Fourier harmonics (or truncation order) along 

the x-direction. The magnitude of N essentially determines the accuracy of the RCWA method. 

Multilayer structures are defined by stacking layers in the z-direction with the same period in 

the x-direction, where each layer is represented by its own Fourier series (invariant in z). The 

individual layers are connected by defining boundary conditions to enforce continuity of the 

tangential electric and magnetic field components. The top and bottom layers are typically 

defined as quasi-infinite half-spaces to allow the reflected and transmitted waves to propagate 

in these layers [102]. 

 
╔ ╔Ὡ  

9ǉǳŀǝƻƴ оΦр 

 
╗ ╗ Ὡ  

9ǉǳŀǝƻƴ оΦс 

.ƭƻŎƘΩǎ ǘƘŜƻǊŜƳ ȅƛŜƭŘǎ ǘƘŜ ǇŜǊƛƻŘƛŎ ŜƭŜŎǘǊƛŎ ŀƴŘ ƳŀƎƴŜǘƛŎ ŦƛŜƭŘǎΣ ǊŜǎǇŜŎǘƛǾŜƭȅΣ ƛƴ ǘƘŜ Ȅ-direction, 

given by Equation 3.5 and Equation 3.6. En and Hn represent the complex amplitude vectors of 

the electric and magnetic fields of each Bloch eigenmode and kx is the discrete in-plane 

ǿŀǾŜǾŜŎǘƻǊ ŘŜǘŜǊƳƛƴŜŘ ōȅ .ƭƻŎƘΩǎ ǘƘŜƻǊŜƳΦ ¢ƘŜ ǎƻƭǾƛƴƎ ƻŦ aŀȄǿŜƭƭΩǎ ŎǳǊƭ Ŝǉǳŀǘƛƻƴǎ ǳǎƛƴƎ 

Equation 3.3 - Equation 3.6 requires algebra beyond the scope of this thesis, but can be found 

in peer-reviewed implementations of RCWA [104], [160]. I used an implementation of RCWA 

known as S4, which is discussed in greater detail in section 3.2.1, to simulate 1D periodic 
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structures fabricated in the surface of sputter deposited thin films of indium tin oxide. This 

implementation, apart from being peer-reviewed, benefits from its open-source nature and easy 

implementation with coding techniques. 

 

оΦнΦнΦ CƛƴƛǘŜπ5ƛũŜǊŜƴŎŜ aŜǘƘƻŘǎ 

The finite-difference time-domain (FDTD) method can be classed in as a grid-based differential 

numerical modelling method (finite-difference method) and is often included as an extra feature 

in software options for finite-difference (FD) solvers. There are a number of software options to 

consider when using FD techniques, but of particular interest is Ansys Lumerical [161] and 

COMSOL Multiphysics [162], which are finely tuned FD implementations with simple user 

interfaces, a wide range of geometry and parameter options, FDTD solvers, and the potential for 

combination with other simulation techniques. FDTD is a time-domain computational 

ŜƭŜŎǘǊƻŘȅƴŀƳƛŎǎ ǘŜŎƘƴƛǉǳŜ ǳǎŜŘ ǘƻ ǎƻƭǾŜ aŀȄǿŜƭƭΩǎ Ŝǉǳŀǘƛƻƴǎ ƛn the frequency space [163].  

COMSOL and Lumerical discretise the simulated geometry and permittivity in a grid, referred to 

ŀǎ ά¸ŜŜ ƭŀǘǘƛŎŜέ [163] ƻǊ άƳŜǎƘέΣ ŘŜŦƛƴƛƴƎ ŦƛƴƛǘŜ ŜƭŜƳŜƴǘǎ ƛƴ ǎǇŀŎŜ ƻǾŜǊ ǿƘƛŎƘ aŀȄǿŜƭƭΩǎ 

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 mesh [150], [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 stability [165]. 

Both software options allow user-defined meshes and can generate a mesh automatically based 

on the user-defined 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 in the higher 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 factor dx4 for 3D 

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 layer cannot be considered in the 

simulation domain. Therefore, the simulations presented in this work form part of the 

ŘŜǎŎǊƛǇǘƛƻƴ ƻŦ ŀ ŘŜǾƛŎŜΩǎ ǇŜǊŦƻǊƳŀƴŎŜΣ ƎǳƛŘƛƴƎ ǘƘŜ ŦŀōǊƛŎŀǘƛƻƴ ŀƴŘ ǇǊƻǾƛŘƛƴƎ ŎƻƴǘŜȄǘ ŦƻǊ ǘƘŜ 
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experimental results, and were optimised for speed of output and manipulation of input 

parameters rather than outright precision. 

 

оΦоΦ DǊŀǝƴƎ tŀǊŀƳŜǘŜǊ LƴǾŜǎǝƎŀǝƻƴ 

In section 2.3 I 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 resonance behaviour, I investigated how the resonant wavelength (R˂) was 

affected by the grating parameters. I used RCWA to simulate an ITO grating on a borosilicate 

(ns=1.46) substrate, varying each parameter (period, fill-factor, thickness, refractive index) 

individually and maintaining the others as constants. The base parameters were as follows: 

grating period (a) of 500 nm, grating thickness (t) of 150 nm, fill factor (ff) of 0.7 where the ridge 

width is given as ff*a, and refractive index (ng) of 2.0. The 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 measured. Figure 3.2 shows the results of this investigation, 

where the colour bar represents the normalised reflection. 

Figure 3.2(a) shows the reflectance spectrum as 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. Figure 3.2(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 index (neff) from 

(Equation 2.34). 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 large ridge width range and is instead mainly dependent on period. 
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CƛƎǳǊŜ оΦнΥ wŜƅŜŎǘŀƴŎŜ ǎǳǊŦŀŎŜ Ǉƭƻǘǎ ǿƛǘƘ ƛƴŎƛŘŜƴǘ ǿŀǾŜƭŜƴƎǘƘ ƻƴ ǘƘŜ ȄπŀȄƛǎ ŀƴŘ όŀύ ƎǊŀǝƴƎ ǇŜǊƛƻŘΣ όōύ Ŭƭƭ 

ŦŀŎǘƻǊΣ όŎύ ƎǊŀǝƴƎ ǘƘƛŎƪƴŜǎǎΣ ŀƴŘ όŘύ ƎǊŀǝƴƎ ǊŜŦǊŀŎǝǾŜ ƛƴŘŜȄ ƻƴ ǘƘŜ ȅπŀȄƛǎΦ wŜƅŜŎǘŀƴŎŜ ƛǎ ƎƛǾŜƴ ōȅ ǘƘŜ ŎƻƭƻǳǊ 

ōŀǊΦ {ƛƳǳƭŀǝƻƴǎ ŎƻƴŘǳŎǘŜŘ ǳǎƛƴƎ w/²! ό{пύ ǎƻƊǿŀǊŜΦ ¢ƘŜ ōŀǎŜ ǇŀǊŀƳŜǘŜǊǎ ǿŜǊŜ ŀ ǇŜǊƛƻŘ ƻŦ рлл ƴƳΣ 

ƎǊŀǝƴƎ ǘƘƛŎƪƴŜǎǎ ƻŦ мрл ƴƳΣ Ŭƭƭ ŦŀŎǘƻǊ ƻŦ лΦтΣ ŀƴŘ ŀ ǊŜŦǊŀŎǝǾŜ ƛƴŘŜȄ ƻŦ нΦл ŦƻǊ ǘƘŜ ƎǊŀǝƴƎ ƭŀȅŜǊΦ 

The effective index argument for the fill factor variation is applicable to the grating thickness 

and refractive index of the grating, as shown in Figure 3.2(c) and (d) respectively. Above a 

particular grating thickness, the grating can sustain a guided mode, above and below this 

thickness the grating operates in sub-˂ ƻǊ ŘƛŦŦǊŀŎǘƛǾŜ ƳƻŘŜ ǊŜǎǇŜŎǘƛǾŜƭȅΦ [ŀǎǘƭȅΣ ǘƘŜ ǊŜƭŀǘƛƻƴǎƘƛǇ 

between the grating index and the resonance position behaves similarly. One would expect that 
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the grating index is largely responsible for the effective index, and therefore increasing this index 

would cause a corresponding shift in the resonance wavelength. Indeed, 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 of this investigation, and the relationships observed in Figure 3.2, were used to 

ensure that there were GMRs in the ITO gratings prior to the fabrication process discussed in 

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 detail section 4.6. 

 

оΦпΦ aƻŘŜ hǾŜǊƭŀǇ LƴǾŜǎǝƎŀǝƻƴ 

To determine the ideal layer thicknesses and waveguide width illustrated in Figure 3.1, I used a 

Lumerical FDTD solver to understand the layer-wise overlap of an optical mode in the silicon 

nitride waveguide. Here, I will briefly discuss the simulation parameters and how the data was 

processed to determine these layer properties. 

 

оΦпΦмΦ aƻŘŜƭ tŀǊŀƳŜǘŜǊǎ 

The model was setup using the FDTD solver in Lumerical and consists of a silicon nitride 

waveguide on a glass substrate, an ITO layer, an SU-у ƭŀȅŜǊΣ ŀƴŘ ŀ ƎƻƭŘ ƭŀȅŜǊΣ ǿƘŜǊŜ ŜŀŎƘ ƭŀȅŜǊΩǎ 

effect on the waveguide mode can be analysed individually. As the model serves as a guide, I 

used the automatic mesh generation option, which created a mesh range between 10-30 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 glass [166], silicon 

nitride [84], ITO [167], SU-8 [96], and gold [101]. The cover layer was assumed to be air, with a 

refractive index of 1. The incident wavelength was 509 nm. 
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CƛƎǳǊŜ оΦоΥ /ǊƻǎǎπǎŜŎǝƻƴ ƻŦ ǎƭŀō ǿŀǾŜƎǳƛŘŜ ǿƛǘƘ ƳŜǘŀƭπƻȄƛŘŜπǎŜƳƛŎƻƴŘǳŎǘƻǊ ǎǘǊǳŎǘǳǊŜ ǎǳǊǊƻǳƴŘŜŘ ōȅ ŀƛǊΦ 

The individual layers are separated by white lines and labelled in Figure 3.3 where the optical 

mode is predominantly in the waveguide layer and the slab waveguide is considered between -

1.5 and 1.5 ˃ Ƴ ƛƴ ǘƘŜ Ȅ-direction. The substrate layer is considered infinite from y=0 down. The 

FDTD frame sets the boundary conditions of 10x5 ˃ ƳΣ ŎŜƴǘǊŜŘ ŀǊƻǳƴŘ ǘƘŜ ǿŀǾŜƎǳƛŘŜΦ It is within 

this window that the electric field will be evaluated. The layer dimensions are evaluated 

individually, with the base thicknesses and widths as follows: W = 3 ˃ m, twg = 150 nm, tito = 100 

nm, tSU-8 = 500 nm, and tg = 100 nm for width, waveguide thickness, ITO thickness, SU-8 thickness, 

and gold thickness respectively. 

 
Ὁ Ὁ Ὁ Ὁ  

9ǉǳŀǝƻƴ оΦт 

The normalised electric field is shown in Figure 3.3 and is used to calculate the mode overlap 

throughout this section. It can be calculated as the sum of the squared electric field components, 

using Equation 3.7. The effect of each layer is evaluated individually by separating the structure 

into layers. In Figure 3.3, 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, 

SU-8, and gold layers on top. 
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9ǉǳŀǝƻƴ оΦу 
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The sum of the normalised electric field (En,i) divided by the layer area (Ai) yields a normalised 

sum of the electric field (Si), that can be used to calculate the layer wise mode overlap (Oi) as a 

fraction of the total electric field sum (ST) using Equation 3.8. I have only considered the mode 

overlap with the substrate, waveguide, and ITO layer 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. It should be noted, only the fundamental mode was considered. 

 

оΦпΦнΦ ²ŀǾŜƎǳƛŘŜ [ŀȅŜǊ 

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 in Figure 3.4(a) and (b) for the slab width and waveguide thickness, respectively. It 

should be noted that the waveguiding layer is silicon nitride, as discussed in section 0. 

 

CƛƎǳǊŜ оΦпΥ όŀύ aƻŘŜ ƻǾŜǊƭŀǇ ŀǎ ŀ ŦǳƴŎǝƻƴ ƻŦ ǎƭŀō ǿŀǾŜƎǳƛŘŜ ǿƛŘǘƘ ŀƴŘ όōύ ƳƻŘŜ ƻǾŜǊƭŀǇ ŀǎ ŀ ŦǳƴŎǝƻƴ ƻŦ 

ǿŀǾŜƎǳƛŘŜ ƭŀȅŜǊ ǘƘƛŎƪƴŜǎǎΦ 

It is clear from the red and blue lines in Figure 3.4(a), that the mode overlaps in the waveguide 

and ITO layers, respectively, are not heavily influenced by the slab thickness. There is a minor 

increase around 2-3 m˃, but the difference is minimal in an approximation such as this. 

Therefore, I can set my target waveguide thickness to 3 m˃ and afford some tolerance in 

coupling into the waveguide and in the lithography steps, discussed in section 7.1.2 and 5.6.5. 

As for Figure 3.4(b), it is intuitive that as the waveguide layer thickness increases, more of the 

όŀύ όōύ
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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. I opted for a target waveguide 

thickness of 150-200 nm, allowing some tolerance in the fabrication steps whilst maintaining a 

waveguide and ITO overlap around 70-80% and 25-20% respectively. It should be noted, below 

100 nm waveguide thickness, the mode is not guided and is largely absorbed by the gold layer. 

 

оΦпΦоΦ /ŀǇŀŎƛǘƻǊ [ŀȅŜǊǎ 

Finally, I will consider 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 in Figure 3.5(a), (b), and (c) for the ITO, SU-8, and gold layers 

respectively. 

Once again, we are comparing the red (waveguide) and blue (ITO) lines in Figure 3.5. 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 a non-significant refractive 

index contrast between 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 (<50 nm) using the deposition techniques available 

is non-trivial. As such, I have assumed a target thickness between 50-100 nm to achieve an ITO 

layer overlap of 25-20%. While overlap with the ITO layer is not the target in this work, but 

instead an overlap with a small portion at the ITO-SU-8 interface, measuring the overlap with a 

few nm of material is not feasible with the available mesh size of the simulation. The overlap 

with the ITO layer is sufficient when considering device dimensions. 
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CƛƎǳǊŜ оΦрΥ aƻŘŜ ƻǾŜǊƭŀǇ ŀǎ ŀ ŦǳƴŎǝƻƴ ƻŦ όŀύ ƛƴŘƛǳƳ ǝƴ ƻȄƛŘŜ ƭŀȅŜǊΣ όōύ {¦πу ƭŀȅŜǊΣ ŀƴŘ όŎύ ƎƻƭŘ ƭŀȅŜǊ 

ǘƘƛŎƪƴŜǎǎΦ 

The remaining capacitor layers of SU-8 and gold, (b) and (c) respectively, highlight that there is 

good confinement of the 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 I can tune 

the SU-8 thickness to achieve a target capacitance (section 6.1.2), and therefore a modulation 

speed/depth, and I can increase the gold layer thickness to increase durability when making 

electrical contact. To begin with, I assumed an SU-8 thickness of around 200-500 nm and a gold 

thickness of 100 nm because a thinner SU-8 layer brings the gold layer closer to the waveguide 

mode and results in increased losses. 

όŀύ όōύ

όŎύ
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оΦрΦ aƻŘǳƭŀǘƻǊ 5ŜǎƛƎƴ 

To this point, I have considered the modulator as a slab waveguide, but this poses 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, I needed 

a redesign. Here I will discuss these changes and their potential effects on the modulator 

performance. 

 

оΦрΦмΦ /ŀǇŀŎƛǘƻǊ 5ŜǎƛƎƴ 

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 illustrated in Figure 3.6, 

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

 

CƛƎǳǊŜ оΦсΥ н5 ǎŎƘŜƳŀǝŎ ƻŦ ŀ όŀύ Ŧǳƭƭȅ ǎǳǊǊƻǳƴŘŜŘ ŀƴŘ όōύ ǇŀǊǝŀƭƭȅ ǎǳǊǊƻǳƴŘŜŘ ƳƻŘǳƭŀǘƻǊ ŘŜǎƛƎƴΦ 

Due to the good horizontal confinement of the waveguide mode observed in Figure 3.3, and 

based on the preliminary simulations shown in Appendix section 9.3, 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, I used the effective index method discussed in section 2.4.1 to 

determine the waveguide effective index as a function of the three parameters that I showed to 

have the largest effect on the waveguide mode in Figure 3.5; the waveguide thickness, 

waveguide width, and the ITO layer thickness. The same simulation conditions were used here 

as were used in section 3.4, i.e., the same refractive indices, layer thicknesses, and widths where 

appropriate. I only varied the waveguide thickness, width, and ITO layer thickness individually, 

and measured the waveguide mode effective index. The results are shown in Figure 3.7. 
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CƛƎǳǊŜ оΦтΥ ²ŀǾŜƎǳƛŘŜ ƳƻŘŜ ŜũŜŎǝǾŜ ƛƴŘŜȄ ŦƻǊ ǘƘŜ ǎƭŀō όƻǊŀƴƎŜύΣ ǇŀǊǝŀƭ όƎǊŜŜƴύΣ ŀƴŘ ǎǳǊǊƻǳƴŘŜŘ όǇǳǊǇƭŜύ 

ǿŀǾŜƎǳƛŘŜ ŘŜǎƛƎƴǎ ŀǎ ŀ ŦǳƴŎǝƻƴ ƻŦ όŀύ ǿŀǾŜƎǳƛŘŜ ǘƘƛŎƪƴŜǎǎΣ όōύ ǿŀǾŜƎǳƛŘŜ ǿƛŘǘƘΣ ŀƴŘ όŎύ ƛƴŘƛǳƳ ǝƴ ƻȄƛŘŜ 

ƭŀȅŜǊ ǘƘƛŎƪƴŜǎǎ ƳŜŀǎǳǊŜŘ ǳǎƛƴƎ ǘƘŜ ŜũŜŎǝǾŜ ƛƴŘŜȄ ƳŜǘƘƻŘ ƛƴ ŬƴƛǘŜπŘƛũŜǊŜƴŎŜ ǝƳŜπŘƻƳŀƛƴ ǎƛƳǳƭŀǝƻƴ ƛƴ 

[ǳƳŜǊƛŎŀƭΦ 

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 (c) ITO thickness 

ranges in Figure 3.7. The horizontal confinement slightly deviates below 1 m˃ width, as is 

apparent from the splitting of the three lines in Figure 3.7(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 modulator can be, to some extent, guided by whatever makes the fabrication 

process easier. I chose to use the design illustrated in Figure 3.6(a). 
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оΦрΦнΦ 9ƭŜŎǘǊƛŎŀƭ /ƻƴǘŀŎǘ 5ŜǎƛƎƴ 

It is common in the literature [74], [77], [78] to see phase modulator designs with the MOS 

capacitor as illustrated in Figure 3.6(b), with the bottom electrical contact on the unmodulated 

waveguide arm. For the modulators discussed in this work, the ITO layer acts as the bottom 

contact, and as such needs to have an open area for electrical contact. However, I chose to 

separate the electrical contacts to prevent the build-up of an electric field between the two 

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

 

CƛƎǳǊŜ оΦуΥ ¢ƻǇπŘƻǿƴ ƛƭƭǳǎǘǊŀǝƻƴ ƻŦ ǘƘŜ όŀύ ǎŀƳŜ ƭŜǾŜƭ ŀƴŘ όōύ ǎǘŀƎƎŜǊŜŘ ǘƻǇ ŀƴŘ ōƻǧƻƳ ŜƭŜŎǘǊƛŎŀƭ ŎƻƴǘŀŎǘǎ 

ǿƛǘƘ ŀǊǊŀȅŜŘ ƳƻŘǳƭŀǘƻǊǎΦ 

Initially, I used the contact layout as shown in Figure 3.8(a), where both the top (right) and 

bottom (left) contacts were equal but contacted each capacitor plate separately. I included an 

insulating layer of SU-8 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 in Figure 3.8(a) is good enough for a single-

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

However, once I began measuring phase modulation, with a Mach-Zehnder Modulator (MZM) 

setup as discussed in section 2.5.1, I used the layout illustrated in Figure 3.8(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 is with the field effect transistor in conventional 

computing systems, a tighter packing of the modulators is favourable. Placing two modulators 

side by side, as illustrated in Figure 3.8, is significantly easier with the staggered top and bottom 

contact (b) than it is with contacts on the same level (a). Hence, I decided to use the staggered 

contacts illustrated in (b). 
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оΦсΦ aaL ŀƴŘ a½a 5ŜǎƛƎƴǎ 

Finally, the waveguide design itself should be considered. The design is based on a Mach-

Zehnder modulator (MZM). As discussed in section 2.5.1 there are two options when it comes 

to splitting or recombining one signal to two or vice versa: the multi-mode interferometer and 

the Y-junction waveguide. Here I will discuss the design challenges facing both options and 

justify my choice. 

 

оΦсΦмΦ aǳƭǝπaƻŘŜ LƴǘŜǊŦŜǊƻƳŜǘŜǊ 

The multi-mode 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 solid-core waveguide such as the silicon nitride 

waveguides in this research. 

 

CƛƎǳǊŜ оΦфΥ όŀύ {ŎƘŜƳŀǝŎ ƻŦ ŀ ƻƴŜπǘƻπǘǿƻ ƳǳƭǝƳƻŘŜ ǇǊƻǇŀƎŀǝƻƴ ǎǇƭƛǧŜǊ ƛƴ ǎƻƭƛŘπŎƻǊŜ ǿŀǾŜƎǳƛŘŜ 

ǘŜŎƘƴƻƭƻƎȅΦ όōύ 9ƭŜŎǘǊƛŎ ŬŜƭŘ ǇǊƻŬƭŜ ƻŦ ŀ ƻƴŜπǘƻπǘǿƻ ƳǳƭǝƳƻŘŜ ǇǊƻǇŀƎŀǝƻƴ ǎǇƭƛǧŜǊ ώмсмϐΦ 

Consider a single-input system with a square waveguide of width and thickness 2a. The 

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

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

As the single mode input enters the larger section, of width 2b, it excites the higher order modes 

that have now become available due to the increased dimensions. These modes propagate and 

interfere to reform the original single mode input after a distance 2L, so the MMI can image the 
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input after a certain propagation length. For half this distance, the length L chosen here, the 

system produces 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 as a 1-to-2 splitter, so the 

input signal is then split into two output square waveguides of width and thickness 2a. Such a 

system is illustrated in Figure 3.9(a), where the input signal travels from left to right in the 

positive x-direction. The electric field profile, shown in Figure 3.9(b), is described by: 

 ╔● ɫὉ Ὡ  9ǉǳŀǝƻƴ оΦф 

We can assume that input signal excites m modes as indicated by Equation 3.9, 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. 

 
ὒ
τὦ

ί‗
 

9ǉǳŀǝƻƴ оΦмл 

Lƴ ƎŜƴŜǊŀƭΣ ƛŦ ǿŜ ŀǎǎǳƳŜ ǘƘŀǘ ō җ ǎŀΣ ǿƘŜǊŜ ǎ ƛƴ ǘƘŜ ƴǳƳōŜǊ ƻŦ ǎǇƭƛǘǎ ƛƴ ǘƘŜ ǎȅǎǘŜƳΣ ŀƴŘ ǘƘŀǘ ǘƘŜ 

ǿŀǾŜƭŜƴƎǘƘ ƛƴ ǘƘŜ ŎƻǊŜ ƻŦ ǘƘŜ ǊŜŎǘŀƴƎǳƭŀǊ ǿŀǾŜƎǳƛŘŜǎ ƛǎ ˂Σ ǘƘŜƴ ǘƘŜ ŦƛǊǎǘ Ǉƻƛƴǘ at which the two 

output waveguides experience fundamental mode excitation is given by Equation 3.10. 

 
ώ ὦ
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ςὲ ρ ρȟ ὲ ρȟςȟσȟȣȟί 

9ǉǳŀǝƻƴ оΦмм 

At the point L, the position of the two output waveguides (ys) are given by Equation 3.11 as 

demonstrated by Jenkins et al. [168]. The problem with the MMI splitter for my research is that, 

as can be seen in Equation 3.10, there is a wavelength 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, I wanted 

to demonstrate the power of a 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, I decided to use a different type of 

splitter. 
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оΦсΦнΦ π̧WǳƴŎǝƻƴ ²ŀǾŜƎǳƛŘŜ 

A far simpler and more broadband structure, but one that does not guarantee an equal division 

of the input signal, is the Y-junction waveguide, illustrated in Figure 3.10. The Y-junction is 

characterised by a one-to-two split where the split angle (̒) is the important parameter to 

consider. To keep the modulators in this research more broadband, I chose to use a Y-junction 

splitter. A Y-junction is more broadband than an MMI due to the dimension/wavelength 

relationship used to achieve an equal split of the input signal. 

 

CƛƎǳǊŜ оΦмлΥ hǇǝŎŀƭ ǇƻǿŜǊ ǎǇƭƛǧŜǊ ǿƛǘƘ ¸πƧǳƴŎǝƻƴ ǿŀǾŜƎǳƛŘŜǎΦ 

In practice, the Y-junction waveguide is polarisation and wavelength independent, but the split 

angle should be very small to reduce scattering at the point (u). This means that Y-junction 

waveguides often suffer from longer device length than MMIs [169]. 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 waveguides in Figure 3.10, the 

recombination the two signals must at some point require a bend. In fact, I included a bend at 

the input end to ensure straight waveguides for the modulated section (for ease of fabrication), 

and thus created a symmetrical input-output MZM design. The bend geometry is illustrated in 

Figure 3.11, where the sharpness of the bend is exaggerated for illustrative purposes. 
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CƛƎǳǊŜ оΦммΥ {ǘǊŀƛƎƘǘ ǿŀǾŜƎǳƛŘŜ ς ōŜƴŘ ς ǎǘǊŀƛƎƘǘ ǿŀǾŜƎǳƛŘŜ ƎŜƻƳŜǘǊȅΦ 

Given that the waveguide mode is supported through total internal reflection, we can 

approximate the bend angle (̒) as the square root of the refractive index contrast (~3), and thus 

the angle per unit length (L) is approximately 1.7°, using simple trigonometry [170]. In my 

research, I tested a variety of bend angles, and measured the optical power carried to ensure 

that each waveguide was receiving an equal split and found the waveguides with maximum bend 

angle of approximately 1.66° were the sharpest I could fully utilise. 

 

оΦтΦ 5ŜǎƛƎƴ {ǳƳƳŀǊȅ 

In this chapter I 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. I chose to use a silicon nitride waveguide of width 3 ˃ m and thickness 150-200 

nm. As discussed in section 2.5 the modulator is suitable for phase and amplitude modulation 

in a Mach-Zehnder architecture or as a straight through waveguide. In this chapter, I have 

chosen to focus the discussion on designing a Mach-Zehnder Modulator (MZM) phase 

modulator. The splitting of one input into two is achieved using a broadband Y-junction splitter 

into two bends to separate the modulators, with a maximum bend angle of 1.66°. 

The metal-oxide-semiconductor (MOS) capacitor layers consist of gold, SU-8, and ITO 

respectively. The capacitor is used to modulate the local permittivity in the ITO-SU-8 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. I used a 

gold layer of 100 nm thickness, an SU-8 layer thickness between 200-500 nm, and an ITO layer 

thickness between 50-100 nm, where the range is dependent on fabrication conditions. 

 

CƛƎǳǊŜ оΦмнΥ όŀύ LƭƭǳǎǘǊŀǘŜ ŘƛŀƎǊŀƳ ŀƴŘ όōύ ƳƛŎǊƻƎǊŀǇƘ ƻŦ ǘƘŜ ǇƘŀǎŜ ƳƻŘǳƭŀǘƻǊ ǿƛǘƘ ŀ ŎŀǇŀŎƛǘƻǊ ƻƴ ŜŀŎƘ 

ŀǊƳ ƻŦ ǘƘŜ aŀŎƘπ½ŜƘƴŘŜǊ ŀǊŎƘƛǘŜŎǘǳǊŜΦ 

I have also discussed the design considerations of the electrical 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 illustrated in Figure 3.12(a) and 

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

in Figure 3.12(a) is exaggerated for illustrative purposes and the SU-8 layer in Figure 3.12(b) is 

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

άōƻƭŘ ƭƛƴŜέ ŜŦŦŜŎǘΦ 
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пΦ /ƘŀǊŀŎǘŜǊƛǎƛƴƎ LƴŘƛǳƳ ¢ƛƴ hȄƛŘŜ 

 

 

 

 

 

 

 

Chapter Synopsis 

This chapter presents an original contribution to the literature and furthers the understanding 

of indium tin oxide thin film deposition. In this chapter I describe the material properties of ITO 

and how it can be used in electro-optic modulators to introduce a signal change. I will also 

discuss some of the literature inconsistencies surrounding ITO that introduced many 

misconceptions about the material properties. The work presented here was conducted 

collaboratively with Professor Thomas Krauss, Dr Stuart Cavill, Dr Christopher Reardon, and 

Samuel Blair. I present our method of determining the optical and electrical properties of ITO 

that we believe is a more robust technique. The chapter discusses the electrical and optical 

characterisation of indium tin oxide thin films including surface profilometry, four-probe, Hall 

probe, X-ray diffraction, scanning electron microscopy, and resonant grating techniques. I have 

already discussed the interest in transparent conductive oxides (TCOs), and specifically indium 

tin oxide (ITO), 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 windscreens [171], infra-red filters [172], transparent electrodes [173], and flat-panel 

displays [174], though it has been thrust to the forefront of optoelectronic devices since the 

Atwater group published the ability to achieve up to unity order refractive index change [80]. I 

have chosen to focus this chapter on my contributions to this body of work, namely the 

deposition protocol and measurement analysis. I focused my efforts on analysing the surface 

profilometry, RCWA simulation, scanning electron microscopy, and resonant grating analysis. 

²ƘŜǊŜ ŀǇǇǊƻǇǊƛŀǘŜΣ L ƘŀǾŜ ƛƴŘƛŎŀǘŜŘ ǘƘƛǎ ǿƛǘƘ ŀ άǿŜέ ŀƴŘ άLέ ŘƛǎǘƛƴŎǘƛƻƴΦ  
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пΦмΦ LƴŘƛǳƳ ¢ƛƴ hȄƛŘŜ 

Indium tin oxide (ITO), a heavily doped n-type semiconductor, is a ternary mix of indium (In), tin 

(Sn), and oxygen (O2). 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. 

 

пΦмΦмΦ LƴŘƛǳƳ ¢ƛƴ hȄƛŘŜ {ǘǊǳŎǘǳǊŜ 

The atomic structure of a unit-cell of ITO resembles that of indium oxide (In2O3), an ionically 

bound semiconducting oxide that crystallises in a cubic bixbyite-type structure with a space 

group Ia3 and a lattice constant of 10.118 nm [175]. The band structure of ITO is a function of 

the complex unit cell lattice and electronic interactions, and therefore the material properties 

of ITO are usually discussed in terms of an assumed band diagram consisting of an isotropic 

parabolic conduction band [137], [176]Φ Cŀƴ ŀƴŘ DƻƻŘŜƴƻǳƎƘΩǎ [177] band diagram for In3O3 

exhibits a band gap of 3.5eV, prohibiting interband transitions in the visible range and yielding 

over 90% transmission in this region. The conduction and valence bands arise from indium 5s 

orbitals and oxygen 2p electrons, respectively, and the Fermi level (Ef) is found to be above the 

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

The bands differ depending on doping density; for low doping density, donor states are 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 and for ITO is approximately 1.3 nm, corresponding to a 

doping density of 3.4x1019 cm-3 [137]. Above the Mott density, the electrons occupy the bottom 

of the conduction band and form an electron gas, reducing the electron mobility [178], [179]. 

 

пΦмΦнΦ 9ƭŜŎǘǊƛŎŀƭ ŀƴŘ hǇǝŎŀƭ tǊƻǇŜǊǝŜǎ ƻŦ L¢h 

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 Drude-

Lorentz model can be used to model 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 from the 
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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 doubly-charged 

oxygen vacancy and singly-charged tin donor, reducing the carrier mobility due to ionised 

impurity scattering [137]. It follows that tuning ITO is possible 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 crystallinity [180]. 

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 electrical properties of ITO is non-trivial. 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 effect is low 

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 adding another complication to the 

tunability of ITO. 

 

пΦнΦ 9ƭŜŎǘǊƻπhǇǝŎ aƻŘǳƭŀǝƻƴ ƛƴ L¢h 

While ITO has been most commonly used as a transparent electrode in photovoltaic and 

touchscreen applications [181], [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 metasurfaces [183]ς[185], and efficient light-matter 

interaction in the epsilon-near-zero (ENZ) regime [186]. We are interested in using ITO for 

electro-optic (EO) modulation, namely the modulation of 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. 

 

пΦнΦмΦ ¢ƘŜ 5ǊǳŘŜ aƻŘŜƭ 

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

the simplified Drude model. The complex permittivity ()ʁ  
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9ǉǳŀǝƻƴ пΦм 

can be expressed as a function of the angular frequency of the incident light (̟) (Equation 4.1), 

with the material dependent variables: high frequency permittivity (қʁ), plasma frequency (̟p2), 

and the collision frequency (ɱ). The plasma frequency, or ENZ point, represents a plasma 

oscillation resonance where the dielectric function changes sign and the real part of the 

permittivity drops to zero. Light with angular frequency below the plasma frequency is totally 

reflected, whereas light with angular frequency above the plasma frequency can penetrate the 

material. The plasma frequency  
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9ǉǳŀǝƻƴ пΦн 

is a material constant, related to the free carrier density (n) and the effective electron mass (me
*) 

(Equation 4.2). Where the permittivity of free space (ʁ0) and the elementary charge (e) have 

their usual meaning [79]. It is clear, from Equation 4.2, that the Drude permittivity is entirely 

governed by the free carrier density of the material 

 ὲ
„
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which is related to the electrical properties of conductivity ()̀ and electron mobility (˃) as shown 

in Equation 4.3. 

 

CƛƎǳǊŜ пΦмΥ όŀύ wŜŀƭ ŀƴŘ όōύ ƛƳŀƎƛƴŀǊȅ ŎƻƳǇƻƴŜƴǘǎ ƻŦ ǘƘŜ ŎƻƳǇƭŜȄ 5ǊǳŘŜ ǇŜǊƳƛǩǾƛǘȅ ŦƻǊ ƭƛǘŜǊŀǘǳǊŜ ǾŀƭǳŜǎ 

ƻŦ ŦǊŜŜ ŎŀǊǊƛŜǊ ŘŜƴǎƛǘȅΦ 5ŀǘŀ ǘŀƪŜƴ ŦǊƻƳ {ƻǊƎŜǊ Ŝǘ ŀƭΦ ώмутϐ ŀƴŘ ǊŜǇƭƻǧŜŘΦ bƻǘŜ ǘƘŀǘ ŎŀǊǊƛŜǊ ŘŜƴǎƛǘȅ ƛǎ 

ŜȄǇǊŜǎǎŜŘ ƛƴ ŎƳπо ŀǎ ƛǎ ŎǳǎǘƻƳŀǊȅ ƛƴ ǘƘŜ ŬŜƭŘΦ 
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The dependence of the complex Drude permittivity on the electrical properties of ITO, given in  

Equation 4.3, is shown in Figure 4.1, 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 the crossing of the y axis at 0 (Figure 4.1(a)), is popular because 

it affords more efficient light-matter interaction, due to the 
Ў

 dependence of many linear and 

nonlinear effects. 

The high frequency permittivity, collision frequency, and effective electron mass used in 

Equation 4.1 to describe the permittivities shown in Figure 4.1 are taken from the literature 

[188], and are assumed to be 3.9, 180 THz, and 0.35, respectively. The elementary charge and 

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

extinction coefficient (k) components of the complex refractive index 
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can be calculated from the complex permittivity components using Equation 4.4, where 

‐ ‐ represents the complex modulus [189]. 

 

CƛƎǳǊŜ пΦнΥ όŀύ wŜŦǊŀŎǝǾŜ ƛƴŘŜȄ ŀƴŘ όōύ ŜȄǝƴŎǝƻƴ ŎƻŜŶŎƛŜƴǘ ŎƻƳǇƻƴŜƴǘǎ ƻŦ ǘƘŜ ŎƻƳǇƭŜȄ ǊŜŦǊŀŎǝǾŜ ƛƴŘŜȄ 

ŎŀƭŎǳƭŀǘŜŘ ŦǊƻƳ ǘƘŜ 5ǊǳŘŜ ǇŜǊƳƛǩǾƛǘȅ ŦƻǊ ƭƛǘŜǊŀǘǳǊŜ ǾŀƭǳŜǎ ƻŦ ŦǊŜŜ ŎŀǊǊƛŜǊ ŘŜƴǎƛǘȅΦ 5ŀǘŀ ǘŀƪŜƴ ŦǊƻƳ {ƻǊƎŜǊ 

Ŝǘ ŀƭΦ ώмутϐ ŀƴŘ ǊŜǇƭƻǧŜŘΦ /ŀǊǊƛŜǊ ŘŜƴǎƛǝŜǎ ŀǊŜ ŜȄǇǊŜǎǎŜŘ ƛƴ ŎƳπо ŀǎ ƛǎ ŎǳǎǘƻƳŀǊȅ ƛƴ ǘƘŜ ŬŜƭŘΦ 
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Using the complex Drude permittivities in Figure 4.1, I was able to calculate the corresponding 

refractive index components shown in Figure 4.2, 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 carrier concentration can be modulated by 2 orders of 

magnitude, a unity order change in the refractive index and a 2-orders of magnitude change in 

the extinction coefficient can be achieved. 

 

пΦнΦнΦ [ƛƳƛǘŀǝƻƴǎ ƻŦ tŜǊŦƻǊƳŀƴŎŜ 

Despite the promising literature calculation shown in Figure 4.2, which indicates that a unity-

order refractive index change is achievable in ITO, there are several factors that limit the 

performance of an ITO-based EO modulator. Placing ITO in a metal-oxide-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 carrier 

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 scales inversely 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 such a way that 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 industry requires low resistivity ITO for use in transparent electrodes, 

whereas EO modulation is more of a trade-off between speed and performance. A higher carrier 

concentration yields a greater shift in the refractive index, and thus a greater modulation depth 

(Figure 4.1) [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 pressures, and thin film 

deposition technique. Typically, ITO is deposited from a source material of diindium trioxide 

(In2O3) and tin dioxide (SnO2) and, as such, high temperature deposition techniques tend to 

dissociate the oxygen, which is largely responsible for the free electron density, and therefore 

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

techniques produce a low resistivity ITO desirable for high-speed applications. I have discussed 
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how the ITO in this body of work was deposited, and the justification for this choice, in more 

detail in section 5.2.9. It is unclear in the surrounding literature how the deposition conditions 

affect the optical and electrical properties of ITO. Here, I will show how the deposition conditions 

affect the electro-optic performance of the resulting film. 

 

пΦоΦ [ƛǘŜǊŀǘǳǊŜ LƴŎƻƴǎƛǎǘŜƴŎƛŜǎ 

Many authors assume previously published literature values for important optical and electrical 

properties for the Drude model of ITO including carrier mobility ()˃, high frequency permittivity 

( қʁ), electron effective mass (me*), and the collision frequency (ɱ) without accounting for the 

deposition conditions for which these values were obtained. We propose an alternative 

approach to spectroscopic ellipsometry measurements to determine the dispersion curves for a 

complex semiconductor such as ITO, noting that many of these parameters vary as a function of 

the deposition conditions. To illustrate the effect on the complex Drude permittivity of these 

parameters, I will briefly discuss the values assumed in the literature and show the resulting 

Drude permittivity and complex refractive index components. I have already shown (Figure 4.1 

and Figure 4.2) the effect the carrier density, and by extension the carrier mobility, have on the 

Drude permittivity and refractive index, respectively, though I used this to demonstrate a 

performance metric. While neither can be assumed independently, without ignoring material 

conductivity, the importance of accurately measuring the electrical properties is highlighted. 

 

пΦоΦмΦ IƛƎƘ CǊŜǉǳŜƴŎȅ tŜǊƳƛǩǾƛǘȅ 

The high frequency permittivity is the real permittivity component at short (ideally, zero) 

wavelength and is determined 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 essentially the y-intercept 

of the Drude curve, and is often assumed in the literature to be either 1 or 3.9 in published 

literature [80], [133], [188], [190]. It is common to assume a permittivity of 1 when 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 spectrum. To demonstrate the effect the high frequency 
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permittivity value has on the optical properties of ITO, I assumed a carrier density of 1x1020 cm-

3, a collision frequency of 180 THz, and an effective mass of 0.35 [79]. 

 

CƛƎǳǊŜ пΦоΥ όŀύ wŜŀƭ ŀƴŘ όōύ ƛƳŀƎƛƴŀǊȅ ŎƻƳǇƻƴŜƴǘǎ ƻŦ ǘƘŜ ŎƻƳǇƭŜȄ 5ǊǳŘŜ ǇŜǊƳƛǩǾƛǘȅ ŀƴŘ ǘƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ 

όŎύ ǊŜŦǊŀŎǝǾŜ ƛƴŘŜȄ ŀƴŘ όŘύ ŜȄǝƴŎǝƻƴ ŎƻŜŶŎƛŜƴǘ ƻŦ ǘƘŜ ŎƻƳǇƭŜȄ ǊŜŦǊŀŎǝǾŜ ƛƴŘŜȄ ŀǎ ŀ ŦǳƴŎǝƻƴ ƻŦ ǘƘŜ ƘƛƎƘ 

ŦǊŜǉǳŜƴŎȅ ǇŜǊƳƛǩǾƛǘȅΦ 

The effect of the high frequency 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 

imaginary 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 reflectors. It is common in the literature to operate close to the epsilon 

near zero condition for the maximum shift in permittivity. As can be seen in Figure 4.3(c), the 

high frequency permittivity can alter the refractive index 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. 

 

пΦоΦнΦ /ƻƭƭƛǎƛƻƴ CǊŜǉǳŜƴŎȅ 

The simplest form of the Drude model assumes that electrons 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 with 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 collision frequency is often 

assumed to be either 0 or 1.8 THz [80], [188]. To demonstrate the effect of the collision 

frequency value on the optical properties of ITO, I assumed a carrier density of 1x1020 cm-3, a 

high frequency permittivity of 3.9, and an effective mass of 0.35. 
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CƛƎǳǊŜ пΦпΥ όŀύ wŜŀƭ ŀƴŘ όōύ ƛƳŀƎƛƴŀǊȅ ŎƻƳǇƻƴŜƴǘǎ ƻŦ ǘƘŜ ŎƻƳǇƭŜȄ 5ǊǳŘŜ ǇŜǊƳƛǩǾƛǘȅ ŀƴŘ ǘƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ 

όŎύ ǊŜŦǊŀŎǝǾŜ ƛƴŘŜȄ ŀƴŘ όŘύ ŜȄǝƴŎǝƻƴ ŎƻŜŶŎƛŜƴǘ ƻŦ ǘƘŜ ŎƻƳǇƭŜȄ ǊŜŦǊŀŎǝǾŜ ƛƴŘŜȄ ŀǎ ŀ ŦǳƴŎǝƻƴ ƻŦ ǘƘŜ Ŏƻƭƭƛǎƛƻƴ 

ŦǊŜǉǳŜƴŎȅΦ 

The effect on the complex Drude permittivities of the collision frequency is shown in Figure 

4.4(a)(b), where the data labels are given in THz. The effect is not as dramatic as the high 

frequency permittivity, especially on the refractive index components (Figure 4.4(c)(d)). This is 

because the collision frequency is only having a significant effect on imaginary component of 

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

This is demonstrated in Figure 4.4 (a) and (c). 
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пΦоΦоΦ 9ũŜŎǝǾŜ 9ƭŜŎǘǊƻƴ aŀǎǎ 

An electron in a crystal may behave as though it has a mass different to the free electron mass 

(m0). The effective electron mass describes the mass an electron appears 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 applied field is described by 

bŜǿǘƻƴΩǎ ǎŜŎƻƴŘ ƭŀǿ ƻŦ Ƴƻǘƛƻƴ ŀƴŘ Ŏŀƴ ōŜ ǳǎŜŘ ǘƻ ŘŜǎŎǊƛōŜ ǘƘŜ ǘǊŀƴǎǇƻǊǘ ƻŦ ŜƭŜŎǘǊƻƴǎ. It follows 

that the effective electron mass is therefore a description of the carrier density of a material, 

temperature of a material, and external field strength. Hence, it would be wrong to assume that 

the commonly used value of 0.35 [77], [79], [133] is fixed and independent of the deposition 

conditions. To illustrate the effect of the effective electron mass on the optical properties of ITO, 

I assumed a carrier density of 1x1020 cm-3, a high frequency permittivity of 3.9, and a collision 

frequency of 180 THz. 
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CƛƎǳǊŜ пΦрΥ όŀύ wŜŀƭ ŀƴŘ όōύ ƛƳŀƎƛƴŀǊȅ ŎƻƳǇƻƴŜƴǘǎ ƻŦ ǘƘŜ ŎƻƳǇƭŜȄ 5ǊǳŘŜ ǇŜǊƳƛǩǾƛǘȅ ŀƴŘ ǘƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ 

όŎύ ǊŜŦǊŀŎǝǾŜ ƛƴŘŜȄ ŀƴŘ όŘύ ŜȄǝƴŎǝƻƴ ŎƻŜŶŎƛŜƴǘ ƻŦ ǘƘŜ ŎƻƳǇƭŜȄ ǊŜŦǊŀŎǝǾŜ ƛƴŘŜȄ ŀǎ ŀ ŦǳƴŎǝƻƴ ƻŦ ǘƘŜ 

ŜũŜŎǝǾŜ ŜƭŜŎǘǊƻƴ ƳŀǎǎΦ 

The effect of the effective electron mass on the complex Drude permittivities is shown in Figure 

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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пΦпΦ LƴǾŜǎǝƎŀǝƻƴ ƛƴǘƻ tƘƻǘƻƴƛŎ tǊƻǇŜǊǝŜǎ 

It is clear, from Figure 4.2 - Figure 4.5, that irrespective of the preferred operating wavelength 

range, the Drude parameters all impact on the dispersion curves, and thus on an accurate 

understanding of the optical 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 the incorporation of oxygen can affect the electro-optic 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 1D 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 unaltered film. Measuring the 

material parameters in a device structure means any post-processing of the film such as 

lithography, etching, material deposition, or cleaning protocols that may affect the thin film 

properties have been accounted for in our measurements. These processes may cause 

displacement of oxygen or tin from the surface of the material which 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 chapter 5. 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 properties of ITO. 

 

пΦпΦмΦ LƴǾŜǎǝƎŀǝƻƴ /ƻƴǎǘŀƴǘǎ 

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 conducted under similar 

restrictions to ensure an unbiased treatment of the characterisation. I will now discuss the 

fabrication and data processing constants used throughout this investigation. 
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пΦпΦнΦ 5ŜǇƻǎƛǝƻƴ ƻŦ L¢h ¢Ƙƛƴ CƛƭƳǎ 

As has been discussed in section 4.2.1, it is known that the optical and electrical properties of 

ITO are highly dependent on the deposition and post-deposition protocols, namely that there is 

an increase in crystallinity with deposition and annealing temperatures [191], [192]. ITO, for thin 

film deposition, is typically supplied either as a sputter target or in pellets for thermal 

evaporation as a 90-10 wt% of diindium trioxide (In2O3) ς tin dioxide (SnO2), and the 

disassociation of oxygen from the constituents is proportional to temperature. As is discussed 

in section 5.2.9, we chose to use a pulsed DC reactive magnetron sputtering technique to avoid 

high deposition temperatures and allow for finer control of oxygen incorporation during the 

deposition. The deposition temperature of the sputtering technique was not controlled outside 

of using the same pressure and DC voltage to deposit the film. The temperature during the 

process is, as discussed in section 5.2.9, is proportional to the DC volage and plasma pressure, 

and therefore maintaining consistent conditions during the deposition reduces variation in 

deposition temperature. As for post-deposition protocols, specifically we are discussing the 

thermal annealing of the deposited films (section 5.4.1), where we can introduce further oxygen 

in to the as-deposited films. 

¢ŀōƭŜ пΦмΥ hȄȅƎŜƴ ƅƻǿ ƛƴ ǘƘŜ ǎǇǳǧŜǊƛƴƎ ǇǊƻŎŜǎǎ ǊŜǇǊŜǎŜƴǘŜŘ ŀǎ ǇŜǊŎŜƴǘŀƎŜ ŎƻƴŎŜƴǘǊŀǝƻƴ ƛƴ ǘƘŜ ŎƘŀƳōŜǊΦ 

O2 Flow Rate O2 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 the as-deposited 

film conductivity using the flow rates: 0, 0.5, 1, 2.5, 3.5, 5, 7.5 standard cubic 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, I will refer to the oxygen 

flows as percentage concentrations, as indicated in Table 4.1. The values are rounded for 

simplicity. 
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While the oxygen flow was varied throughout this experimental campaign, the base parameters 

for the sputtering protocol were maintained as follows: 20 SCCM Argon as the sputtering gas, 

100 W supplied DC power, and a plasma pressure of 0.75 Pa. To avoid reactions between the as-

deposited film and any unwanted gas, the samples are allowed to cool overnight before bringing 

the sputtering chamber back to atmosphere with nitrogen gas.  

 

пΦпΦоΦ !ƴƴŜŀƭƛƴƎ ƻŦ L¢h ¢Ƙƛƴ CƛƭƳǎ 

The ITO films are highly amorphous post-deposition and, as such, require a thermal anneal to 

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

This is done using a tube furnace (section 5.4.1). Oxygen flows into the tube furnace at 500 SCCM 

throughout the anneal with a 5-minute precondition prior to heating. The samples begin at room 

temperature (~20°C), and the furnace ramps at 5°C/min to a maximum of 500°C. The samples 

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

Cooling 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 flow rates were varied, while 

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

oxygen flow. 

¢ŀōƭŜ пΦнΥ 9ũŜŎǘ ƻŦ ƻȄȅƎŜƴ ƅƻǿΣ ŀƴƴŜŀƭƛƴƎ ǘŜƳǇŜǊŀǘǳǊŜΣ ŀƴŘ ŀƴƴŜŀƭƛƴƎ ǝƳŜ ƻƴ ǘƘŜ ǎƘŜŜǘ ǊŜǎƛǎǘŀƴŎŜ ŦƻǊ 

ǎǇǳǧŜǊ ŘŜǇƻǎƛǘŜŘ L¢h ǿƛǘƘ л {//a ƻȄȅƎŜƴΦ 

Gas Flow Temperature Anneal Time Sheet Resistance 

[SCCM] [°C] [hrs] (RS) [ʍ/sq] 

Air 500 1 48.3 ± 0.5 

500 O2 500 1 41.7 ± 0.4 

1000 O2 500 1 38.9 ± 0.1 

500 O2 500 2 46.6 ± 0.4 

500 O2 300 1 88.9 ± 0.3 

The results of changing the anneal gas flow, temperature, and duration are shown in Table 4.2, 

indicating that while the oxygen flow during anneal and the 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 decreased anneal time, the sheet resistance (4.5.2) is almost doubled. For 
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consistency, and a lower resistivity, we maintained a temperature of 500°C and only varied the 

oxygen flow during deposition during this investigation. 

 

пΦпΦпΦ CŀōǊƛŎŀǝƻƴ ƻŦ L¢h DǊŀǝƴƎǎ 

To limit the number of small references to the fabrication chapter, all the fabrication methods 

are discussed in more detail in chapter 5, but I will give a summary of how 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 measurements (section 4.6), the ITO gratings needed to be 

fabricated on-to a transparent substrate. We used borofloat 33 substrates, diced into 15x15 mm 

sample sizes. The mechanical dicing process leaves a residue on the samples, 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 (EBL), which requires a lithography 

resist layer. We used AR-P 13 [30], spun at 5000 rpm for 60 seconds and soft-baked at 180°C for 

10 minutes. The EBL parameters used to fabricate the gratings are: 40 ˃ m aperture, 0.6 nA beam 

current, 10 nm step size, 130 C˃/cm2 base dose, 1.71 base dose multiplier, and 9.5x10-2 ms 

exposure time. The 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 3x10-2 mbar. The DC voltage is fixed 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 water, which 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 150 nm, though of course this process 

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

1165 solvent remover at 65°C, and cleaning with acetone and IPA.  

 

 

 



4.5. Determining Electrical Properties  4. Characterising Indium Tin Oxide 

123 
 

пΦпΦрΦ wŜŘǳŎƛƴƎ 9ǊǊƻǊǎ 

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 every sample and used 

these measurements to calculate an average result. The formulation and technique are 

discussed in Appendix section 0. During the data analysis portion of the campaign, I 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 typically conducted using a covariance matrix method [194]. 

The covariance is a vector measurement of joint variability of random variables [195], where the 

sign of the covariance refers to the linearity of the variables. The magnitude of the covariance 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 the covariance matrix by taking the square 

root of the diagonal of the covariance matrix. 

 

пΦрΦ 5ŜǘŜǊƳƛƴƛƴƎ 9ƭŜŎǘǊƛŎŀƭ tǊƻǇŜǊǝŜǎ 

We begin the investigation by considering Equation 4.3 and the electrical properties of ITO, 

specifically the material conductivity (̀) and the carrier mobility (˃). The conductivity can be 

measured using the Kelvin technique (four-probe method) but requires the additional 

parameter of material thickness, and the mobility can be measured using a Hall probe technique. 

I 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. 

 

пΦрΦмΦ {ǳǊŦŀŎŜ tǊƻŬƭƻƳŜǘǊȅ 

As discussed in section 5.2, the sputter deposition is monitored using a quartz crystal 

microbalance (QCM), which is a common method for monitoring the rate of deposition 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 mass can be measured 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 QCM [147]. 

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 

deposition thickness. 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 step change between 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 post-deposition, respectively. 

 

CƛƎǳǊŜ пΦсΥ όŀύ .ǊǳƪŜǊ 5Ŝƪǘŀƪ·¢ ǎǘȅƭǳǎ ǇǊƻŬƭŜǊ ŀǘ ¸ƻǊƪΣ όōύ ǊŜǎǳƭǝƴƎ ǎǘŜǇ ƘŜƛƎƘǘ ŦǊƻƳ ǘŀǇŜŘ ǎǳōǎǘǊŀǘŜ ŘǳǊƛƴƎ 

ǘƘƛƴ ŬƭƳ ŘŜǇƻǎƛǝƻƴΦ 

To measure the thickness of our sputter deposited ITO films, we used a Bruker DektakXT stylus 

ǇǊƻŦƛƭŜǊ όά5Ŝƪǘŀƪέύ [196]. The Dektak, shown in Figure 4.6(a), uses the step introduced by taping 

the substrate during deposition, shown in Figure 4.6(b), to Angstrom precision. There is, 

however, a problem with stylus profilometers when measuring across relatively large (few mm) 

lengths, namely that there is a distortion effect caused by alignment deviation [197]. 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, shown in Figure 4.7. 



4.5. Determining Electrical Properties  4. Characterising Indium Tin Oxide 

125 
 

 

CƛƎǳǊŜ пΦтΥ ! όŀύ ŘƛǎǘƻǊǘŜŘ ŀƴŘ όōύ ƭŜǾŜƭƭŜŘ ǎǳǊŦŀŎŜ ǇǊƻŬƭŜ Řŀǘŀ ŦƻǊ ǘƘŜ ǎŀƳŜ ǎǇǳǧŜǊ ŘŜǇƻǎƛǘŜŘ L¢h ŬƭƳΦ 5ŀǘŀ 

ƭƛƴŜ ƳŀǊƪŜŘ ƛƴ ōƭǳŜΣ ǉǳŀŘǊŀǝŎ ƭƛƴŜ ƳŀǊƪŜŘ ƛƴ ǊŜŘΣ ȊŜǊƻ ƳŀǊƪŜŘ ƛƴ ƎǊŜŜƴΦ 

Figure 4.7 is the perfect example of the tip-affected distortion, observe how the blue data line 

in (a) is angled with a minor curve downward. To overcome this distortion, I use a quadratic 

equation (ax2 + bx + c) fitted to the data and least squares regression [198] to fit a baseline to 

the data. A quadratic was chosen as it suits the two most common scenarios using a DektakXT 

system; a) the distortion creates a parabolic effect in the measurement and b) there is a linear 

offset, in which case a=0. The baseline can then be subtracted from the original data to produce 

the levelled data shown in Figure 4.7 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 in Figure 4.7(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 chance 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 in Figure 4.7, respectively). Multiple surface profile 

measurements were taken for each film to calculate an average value and associated error as 

discussed in 4.4.5 [199]. 
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пΦрΦнΦ CƻǳǊπtǊƻōŜ aŜǘƘƻŘ 

Now that we have a method for determining the ITO film thickness, we can determine the film 

conductivity using the Four-probe method. hƘƳΩǎ ƭŀǿ ǎǘŀǘŜǎ ǘƘŀǘ ǿƘŜƴ ŀ ǾƻƭǘŀƎŜ ό±ύ ƛǎ ŀǇǇƭƛed 

between two points in a circuit, an electrical current (I) will flow between them 
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9ǉǳŀǝƻƴ пΦр 

where the amount of current which flows is encourage by the potential difference and restricted 

by the amount of resistance (R) present (Equation 4.5) [100]. The electrical resistance 
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9ǉǳŀǝƻƴ пΦс 

through a conductor can depend on the conductor length (L), the cross-sectional area of the 

conductor (A), and the material through which the current flows, which is assigned a constant 

ƪƴƻǿƴ ŀǎ άǊŜǎƛǎǘƛǾƛǘȅέ όύ́Φ ¢ƘŜ ǊŜǎƛǎǘŀƴŎŜ Ŏŀƴ ǘƘŜƴ ōŜ ŜȄǇǊŜǎǎŜŘ ōȅ tƻǳƛƭƭŜǘΩǎ ƭŀǿ όEquation 4.6) 

[200]. The electrical resistivity 
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is a measure of how strongly the material opposes the flow of the current. It follows that a 

measure of how easily a current flows through the material could be expressed as the reciprocal 

ƻŦ ǘƘŜ ǊŜǎƛǎǘƛǾƛǘȅΣ ǘƘƛǎ ƛǎ ƪƴƻǿƴ ŀǎ άŎƻƴŘǳŎǘƛǾƛǘȅέ ό)̀ (Equation 4.7). 

 

CƛƎǳǊŜ пΦуΥ όŀύ {ŎƘŜƳŀǝŎ ŘƛŀƎǊŀƳ ŀƴŘ όōύ ǇƛŎǘǳǊŜ ƻŦ ǘƘŜ ŦƻǳǊπǇƻƛƴǘ ǇǊƻōŜ ǎȅǎǘŜƳ ŀǘ ¸ƻǊƪΦ IŜǊŜ ǘƘŜ ǇǊƻōŜ ƛǎ 

ǇƛŎǘǳǊŜŘ ƳŜŀǎǳǊƛƴƎ ŀ ŎŀƭƛōǊŀǝƻƴ ǎŀƳǇƭŜΦ 

A four-probe system (four-point probe), illustrated in Figure 4.8(a), consists of four equally 

spaced, co-linear 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 semi-infinite hemispherical volume. The current 

density (J) 
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through the conductive material can be expresses as Equation 4.8. Where r is the radial distance 

ŦǊƻƳ ǘƘŜ ǇǊƻōŜ ǘƛǇΦ !ǇǇƭȅƛƴƎ hƘƳΩǎ ƭŀǿΣ ƛƴǘŜƎǊŀǘƛƴƎ ƻǾŜǊ ǘƘŜ ǾƻƭǳƳŜΣ ŀƴŘ ŀǇǇƭȅƛƴƎ ŀ ōƻǳƴŘŀǊȅ 

condition that the voltage approaches zero as the radius approaches infinity, the voltage drop 
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across the hemisphere can be expressed as Equation 4.9. As illustrated in Figure 4.8(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 between the probes is equal to the sum of the voltage due to each 

probe separately, and hence the voltage change (ɲV) 
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between probes 2 and 3 is given by Equation 4.10. However, four-probe systems assume a 

penetration thickness (t), up to a maximum of 650˃m for the system used in this research and 

introduce a cylindrical assumption of the current density. 
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This assumption carried through Equation 4.8 - Equation 4.10, gives an expression (Equation 

4.11) for the film resistivity. Where Rs ƛǎ ŀ ǇŀǊŀƳŜǘŜǊ ƪƴƻǿƴ ŀǎ άǎƘŜŜǘ ǊŜǎƛǎǘŀƴŎŜέΦ {ƘŜŜǘ 

resistance is defined as the lateral resistance through a thin square of the material, introduced 

by the four-probe method as a size and instrument independent variable, allowing for 

comparison between different samples. The sheet resistance is generally measured in ohms per 

square (ʍ/sq.), to differentiate it from bulk resistance [201]ς[203]. 

One of the primary advantages of using a four-point probe to perform electrical characterisation 

is the elimination of contact and wire resistances from the measurement. We used a Jandel 

RM3000+ four-probe system with a Jandel cylindrical four-point probe (Figure 4.8(b)) to 

measure the sheet resistance of the ITO thin films and used Equation 4.11 and Equation 4.7 to 

calculate the corresponding conductivity, using the thin film thickness measured as detailed in 

section 4.5.1. 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 in section 4.4.5. 
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пΦрΦоΦ Iŀƭƭ tǊƻōŜ aŜǘƘƻŘ 

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 electron moving 

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. The effect is illustrated in Figure 4.9(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 the film that can be measured as a Hall voltage. The Hall voltage (VH) 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 (ns). 
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As we are concerned with measuring the Hall voltage, the sheet carrier density can be calculated 

using Equation 4.12 [204]. 

 

CƛƎǳǊŜ пΦфΥ {ŎƘŜƳŀǝŎ ƻŦ όŀύ ŀ Iŀƭƭ ŜũŜŎǘ ƳŜŀǎǳǊŜƳŜƴǘ ǎŜǘǳǇ ŀƴŘ όōύ ±ŀƴ ŘŜ tŀǳǿ ŜƭŜŎǘǊƛŎŀƭ ŎƻƴǘŀŎǘ 

ŎƻƴŬƎǳǊŀǝƻƴΦ 

The Hall voltage is typically measured using a Van de Pauw contact configuration, illustrated in 

Figure 4.9(b), where arbitrarily shaped 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 from Equation 4.13, for a known sheet resistance it can be used to determine the 

electron mobility [110], [205]. 
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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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 ὲ ὲὸ 9ǉǳŀǝƻƴ пΦмп 

We used an Ecopia HMS-3000 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 

Equation 4.14. 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. 

 

пΦрΦпΦ ·πwŀȅ 5ƛũǊŀŎǝƻƴ 

X-ray diffraction (XRD) is a non-destructive analytical technique used to analyse the phase 

composition, crystal structure, and crystal orientation of materials, and can be used to look at 

the crystal structure of thin film materials. XRD is the result of constructive interference between 

x-rays and the crystalline structure of the target material. Given that x-rays of similar order of 

magnitude to the distance between the atoms in a crystal lattice produce a diffraction pattern, 

ǿŜ Ŏŀƴ ǳǎŜ .ǊŀƎƎΩǎ ƭŀǿ ǘƻ ŀƴŀƭȅǎŜ ǘƘŜ ŎǊȅǎǘŀƭƭƛƴƛǘȅ ƻŦ ŀ ƳŀǘŜǊƛŀƭ [206]. 

Since electron mobility can be considered the measure of how quickly an electron can move 

through the 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 a lower mobility, due to the 

presence of transport impeding grain boundaries[207], [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 crystallinity of out 0%, 5%, and 20% 

oxygen flow sputter deposited ITO films. 

 

пΦрΦрΦ 9ƭŜŎǘǊƛŎŀƭ tǊƻǇŜǊǝŜǎ ς 9ȄǇŜǊƛƳŜƴǘŀƭ wŜǎǳƭǘǎ 

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 single-electron contribution of tin donors 

[210]. We expect the conductivity to decrease 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 Four-probe and Hall probe methods 

discussed in this section are shown in Figure 4.10(a). Using Equation 4.7, Equation 4.3, and the 

measured film thicknesses, I was able to calculate the corresponding film conductivity and free 

carrier density, shown in Figure 4.10(b). 

 

CƛƎǳǊŜ пΦмлΥ όŀύ aŜŀǎǳǊŜŘ ǎƘŜŜǘ ǊŜǎƛǎǘŀƴŎŜ ŀƴŘ ŎŀǊǊƛŜǊ Ƴƻōƛƭƛǘȅ ŦƻǊ ǎǇǳǧŜǊ ŘŜǇƻǎƛǘŜŘ L¢h ŬƭƳ ŀƴŘ ǘƘŜ όōύ 

ŎŀƭŎǳƭŀǘŜŘ ŎƻƴŘǳŎǝǾƛǘȅ ŀƴŘ ŎŀǊǊƛŜǊ ŘŜƴǎƛǘȅ ŀǎ ŀ ŦǳƴŎǝƻƴ ƻŦ ƻȄȅƎŜƴ ŎƻƴŎŜƴǘǊŀǝƻƴΦ 

Figure 4.10 confirms the expected result, namely that increasing oxygen flow and oxygen 

concentration during deposition decreases the conductivity of the ITO and reduces the overall 

carrier mobility. This is expected due to the increase in carrier density caused by the increased 

oxygen incorporation, i.e., an increase in carrier density reduces mobility and increases 

resistance. This behaviour is observed in the literature. The conductivity increases again above 

10% oxygen flow, which we associate with a higher number of substituted tin ions with 

increasing oxygen flow, providing additional carrier contributions, indicated by the sudden 

increase in the green and orange lines in Figure 4.10(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 shown in Figure 4.11(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 sputtered ITO [211], 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 reflection peak (Figure 4.11(b)-

(d)) and the narrower the diffraction peak, the more crystalline the ITO and the larger the 

average grain size, as shown by Equation 4.15. The average grain size (ɻύ 
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9ǉǳŀǝƻƴ пΦмр 

can be expressed as a function of the incident wavelength (˂), and the full width half maximum 

(FWHM) of the respective reflection and Bragg angle (ʻύΦ 

 

CƛƎǳǊŜ пΦммΥ όŀύ ·w5 Řŀǘŀ ŦƻǊ ŀƴƴŜŀƭŜŘ L¢h ŬƭƳǎ ƻŦ л҈Σ р҈Σ ŀƴŘ нл҈ ƻȄȅƎŜƴ ƅƻǿ ŘǳǊƛƴƎ ŘŜǇƻǎƛǝƻƴΦ όōύΣ 

όŎύΣ ŀƴŘ όŘύ ǎƘƻǿ ŜȄŜƳǇƭŀǊ C²Ia ŜȄǘǊŀŎǝƻƴǎ ŦƻǊ ǘƘŜ ǊŜǎǇŜŎǝǾŜ όнннύ ƻǊƛŜƴǘŀǝƻƴ ŦƻǊ л҈Σ р҈Σ ŀƴŘ нл҈ 

ƻȄȅƎŜƴ ƅƻǿΦ ¢ƘŜ C²Ia ƛƴŎǊŜŀǎŜǎ ŦǊƻƳ лΦнпсϲ ŦƻǊ л҈ ƻȄȅƎŜƴ ǘƻ лΦосмϲ ŦƻǊ нл҈ ƻȄȅƎŜƴ ŎƻƴŎŜƴǘǊŀǝƻƴΦ 

An increase in carrier mobility translates to an increase in the 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 concentration (Figure 4.10(a)) and the broadening of the 

diffraction peak with oxygen concentration (Figure 4.11(b)-(d)), this effect is exactly what we 

observe. The 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 shown in Figure 4.11 is represented 
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in Table 4.3. The grain size is seen to decrease with oxygen incorporation, further aligning with 

the mobility trend, i.e., the higher the oxygen incorporation, the smaller the grain size and the 

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

the material. 

¢ŀōƭŜ пΦоΥ !ǾŜǊŀƎŜ ƎǊŀƛƴ ǎƛȊŜǎ ŦƻǊ ŘƛũŜǊŜƴǘ ŎǊȅǎǘŀƭ ƻǊƛŜƴǘŀǝƻƴǎ ŦƻǊ л҈Σ р҈Σ ŀƴŘ нл҈ ƻȄȅƎŜƴ ƅƻǿ L¢h ŬƭƳǎΦ 

O2 Flow Conductivity Orientation 
Full Width Half 

Max 

Average Grain 

Size 

[%] όˋύ ώ{κŎƳϐ [au] (FWHM) [°] όʵύ ώƴƳϐ 

0 1300 ± 200 
(222) 

(440) 

0.246 ± 0.001 

0.261 ± 0.006 
54.3 ± 0.9 

5 21 ± 1 
(222) 

(440) 

0.29 ± 0.02 

0.313 ± 0.002 
45.7 ± 0.5 

20 57 ± 5 
(222) 

(440) 

0.361 ± 0.007 

0.389 ± 0.009 
34.5 ± 0.9 

To compound these findings with the annealing time and temperature data in Table 4.2, 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 impurities [210], [212]. In the literature, it is reported that ITO has a 

crystallisation temperature of 400°C [213], and we found that with our equipment, a 

temperature of 500°C for 1 hour in an oxygen environment was sufficient to increase the 

conductivity to a local maximum. 

 

пΦсΦ 5ŜǘŜǊƳƛƴƛƴƎ hǇǝŎŀƭ tǊƻǇŜǊǝŜǎ 

I have discussed how we measured the electrical properties of ITO, but to accurately determine 

the optical properties, we decided to use a 1D resonant grating, allowing for a guided mode 

resonance (GMR) (section 2.3). To relate the optical response 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 rigorous coupled-wave analysis (RCWA) (section 3.2.1) to 

determine the complex refractive index. 
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CƛƎǳǊŜ пΦмнΥ {ŎƘŜƳŀǝŎ ƻŦ м5 ǇŜǊƛƻŘƛŎ ǎǘǊǳŎǘǳǊŜ ƛƴ L¢h ǎƘƻǿƛƴƎ ǎƻƳŜ ƻŦ ǘƘŜ ǇŀǊŀƳŜǘŜǊǎ ǘƘŀǘ ƴŜŜŘ ǘƻ ōŜ 

ƪƴƻǿƴΥ ǎǳōǎǘǊŀǘŜ ǘƘƛŎƪƴŜǎǎ όǘǎǳōύΣ ŬƭƳ ǘƘƛŎƪƴŜǎǎ όǘŬƭƳύΣ ƎǊŀǝƴƎ ǘƘƛŎƪƴŜǎǎ όǘƎύΣ ǿŀǾŜƎǳƛŘŜ ǘƘƛŎƪƴŜǎǎ όǘǿƎύΣ 

ƎǊŀǝƴƎ ǇŜǊƛƻŘ όŀύΣ ŀƴŘ ƎǊŀǝƴƎ Ŭƭƭ ŦŀŎǘƻǊ όũύΦ 

For the RCWA simulations of a 1D periodic structure, we need to know the parameters 

illustrated in Figure 4.12. We can assume that the substrate thickness (tsub) is infinite due to the 

confinement of the light within the ITO layer. I have already discussed how we can measure the 

ITO film thickness (tfilm) in section 4.5.1, and hence I will discuss in this section how we can 

measure the period (a), fill factor (ff), the grating thickness (tg), and the pedestal thickness (tp). 

 

пΦсΦмΦ DǊŀǝƴƎ tǊƻŬƭƻƳŜǘǊȅ 

While we already know what the ITO film thickness is, as discussed in section 4.4.4 the grating 

etch is not perfectly linear and the 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 

nanometric 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 

ƪƴƻǿƴ ŀǎ άǊŀǎǘŜǊ ǎŎŀƴƴƛƴƎέΦ ¢ƘŜǊŜ ŀǊŜ ǘǿƻ ŘƛǎǘƛƴŎǘ ƻǇŜǊŀǘƛƴƎ ƳƻŘŜs associated with the 

ǘŜŎƘƴƛǉǳŜΣ άŎƻƴǘŀŎǘέ ŀƴŘ άǘŀǇǇƛƴƎέ ƳƻŘŜΣ ǿƘŜǊŜ ǘƘŜ ŘƛǎǘƛƴŎǘƛƻƴ ŎƻƳŜǎ ƛƴ ǘƘŜ ŦƻǊƳ ƻŦ ǘƛǇ-sample 

interaction. The AFM tip is attached to a small cantilever to form a spring and, as the tip scans 

across the sample surface, the cantilever bends indicating a tip-sample 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 the tip-sample 

interaction force 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 frequency and exhibits a 

sinusoidal motion. The motion of the tip is then altered by electrostatic forces in the tip-sample 

interaction to yield a topographic measurement [214]. 

 

CƛƎǳǊŜ пΦмоΥ !ǘƻƳƛŎ ŦƻǊŎŜ ƳƛŎǊƻƎǊŀǇƘǎ ƻŦ ŀ м5 ǇŜǊƛƻŘƛŎ ǎǘǊǳŎǘǳǊŜ ƛƴ L¢h ǎƘƻǿƛƴƎ ǘƘŜ όŀύ Ǌŀǿ ŀƴŘ όōύ ǎǘŜǇ 

ƘŜƛƎƘǘ ŎŀƭŎǳƭŀǘŜŘ Řŀǘŀ ƻŦ слΦрп ƴƳΦ 

To measure the grating etch depth, we used a Bruker BioScope Resolve AFM with a 2x2m˃ scan 

size with 512 lines per scan at 0.999Hz scan frequency and a Bruker RTESPA300 tip operating in 

tapping mode. The scans produce a topography as shown in Figure 4.13(a). To calculate the 

grating thickness, two regions of interest are selected (a lower and an upper region) and average 

values across the lateral position are taken. This method, in conjunction with the standard error 

on the mean method (section 4.4.5) produces two values; a lower 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 methods (Appendix section 9.1.2) [215]. The result is a grating 

thickness as shown in Figure 4.13(b), shown in the box 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 film thickness and grating thickness 

measurements [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 measurements, there 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. 

 

пΦсΦнΦ CƻǳǊƛŜǊ tŜǊƛƻŘ aŜǘƘƻŘ 

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 conjunction with a Fourier 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 microscope, which is then focused through a 

vacuum by electromagnetic fields and lenses just as in electron beam lithography (section 5.1.3). 

The focused electrons hit the sample and produce primary/secondary backscattered electrons 

and x-rays that are detected to produce an image [216]. 

 

CƛƎǳǊŜ пΦмпΥ όŀύ {ŎŀƴƴƛƴƎ ŜƭŜŎǘǊƻƴ ƳƛŎǊƻƎǊŀǇƘ ƻŦ ŀ м5 ǇŜǊƛƻŘƛŎ ǎǘǊǳŎǘǳǊŜ ƛƴ L¢hΣ ǘŀƪŜƴ ŀǘ отΣлллȄ 

ƳŀƎƴƛŬŎŀǝƻƴΣ фƳƳ ǿƻǊƪƛƴƎ ŘƛǎǘŀƴŎŜΣ ŀƴŘ нƪ± ōŜŀƳ ǇƻǿŜǊΦ όōύ wŀǿ ǇƛȄŜƭ ƛƴǘŜƴǎƛǘȅ ŀŎǊƻǎǎ м Ǌƻǿ ƻŦ ŀƴ 

{9a ƛƳŀƎŜ ƻŦ ŀ м5 ǇŜǊƛƻŘƛŎ ǎǘǊǳŎǘǳǊŜ ƛƴ L¢hΦ 

We used a JEOL JSM-7800F Prime scanning electron microscope to capture high resolution 

images of 1D periodic structures fabricated in ITO, with an example of these images shown in 

Figure 4.14(a). The SEM produces both an image and log file containing the image size (without 
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the border) and the pixel-distance ratio, indicated visually by the small white bar at the bottom 

of Figure 4.14(a). The pixel-distance ratio is important because when we take the Fourier 

transform of the image we obtain a frequency as a function of the pixel-space, and we want to 

obtain a physical distance for the grating period. 

The pixel intensity is taken row-wise, Figure 4.14(b), with 960 rows per image allowing for 

average frequencies and standard error on the mean treatment of the frequency errors (section 

4.4.5). As can be seen in both Figure 4.14(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 frequencies 

in Fourier space, thus increasing the noise of the measurement. 

 

CƛƎǳǊŜ пΦмрΥ όŀύ ¢ƘǊŜǎƘƻƭŘ ǘǊŜŀǘŜŘ Řŀǘŀ ƻŦ м Ǌƻǿ ƻŦ ŀƴ {9a ƛƳŀƎŜ ƻŦ ŀ м5 ǇŜǊƛƻŘƛŎ ǎǘǊǳŎǘǳǊŜ ƛƴ L¢h ŀƴŘ όōύ 

ǘƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ CƻǳǊƛŜǊ ǎǇŀŎŜ ŦǊŜǉǳŜƴŎƛŜǎΦ 

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 grating (Figure 4.14(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 introduced by 

the edge effect, without altering the grating parameters Figure 4.15(a). The grating period is 

then found by taking the inverse Fourier transform of the dominant frequency in Fourier space 

(Figure 4.15(b)) as a function of the pixel-distance and image width (sample size), i.e., the peak 

corresponding to the dominant frequency in real space, which is the grating period and the usual 

inverse Fourier transform treatment [217]. 
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пΦсΦоΦ DǊŀǝƴƎ wŜǎƻƴŀƴŎŜ aŜǘƘƻŘ 

The gratings fabricated in ITO exhibit a guided mode resonance (GMR), which I have discussed 

in more detail in section 2.3.1. When illuminated with a white light source, the gratings produce 

a Fano resonance, i.e., an asymmetric line-shape caused by the interference between the 

varying thin-film response and the Bragg resonance. The 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 and the resonant scattering 

amplitude changes quickly, producing an asymmetric line profile. 

ὪὉ Ὀ
ή ɱ –

ρ ɱ
 

9ǉǳŀǝƻƴ пΦмс 

In general, the interference of states that causes a Fano resonance occurs in the absorption 

spectrum f(E) as a function of incident energy (E). The Fano equation (Equation 4.16) can be 

described by the Fano parameter (q), which is an expression of the phase shift (ɻ) of the 

continuum (ή ÃÏÔ ‏), ɱ ςὉ Ὁ Ⱦɜ where E0 and ɱ ŀǊŜ ǘƘŜ ǊŜǎƻƴŀƴŎŜ ŜƴŜǊƎȅ ŀƴŘ ǿƛŘǘƘ 

ǊŜǎǇŜŎǘƛǾŜƭȅΣ ʹ ƛǎ ŀ ƛƴǘŜǊŀŎǘƛƻƴ ŎƻƴǎǘŀƴǘΣ ŀƴŘ Ὀ τÓÉÎ‏ςρψ. 

 

CƛƎǳǊŜ пΦмсΥ hǇǝŎŀƭ ǎŜǘǳǇ ŦƻǊ ƳŜŀǎǳǊƛƴƎ ǘƘŜ ǊŜƅŜŎǘŀƴŎŜ ƻŦ ƎǳƛŘŜŘ ƳƻŘŜ ǊŜǎƻƴŀƴŎŜ ǎǇŜŎǘǊŀ ŦƻǊ м5 ǇŜǊƛƻŘƛŎ 

ǎǘǊǳŎǘǳǊŜǎ ƛƴ L¢hΦ 

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

Figure 4.16. The samples are illuminated with a collimated and polarised halogen light source 
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being focused onto the back-focal-plane of a 4x objective. The reflected signal is collected and 

focused into a spectrometer. Samples are aligned in the field of view using a camera. The 

measured spectra are normalised to a background intensity, achieved by placing a mirror on the 

sample stage. 

 

CƛƎǳǊŜ пΦмтΥ όŀύ wŀǿ ǎǇŜŎǘǊǳƳ ŦǊƻƳ м5 ǇŜǊƛƻŘƛŎ ǎǘǊǳŎǘǳǊŜ ƛƴ L¢h ŀƴŘ όōύ ǘƘŜ ŬǧŜŘ Cŀƴƻ ǊŜǎƻƴŀƴŎŜ ŦǳƴŎǝƻƴ 

ǿƛǘƘ ǇŜŀƪ ǿŀǾŜƭŜƴƎǘƘΦ 

An example of the normalised spectra produced by the ITO gratings is shown in Figure 4.17(a). 

The spectra are 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 down to the 

resonance peak, as shown in Figure 4.17(b), to allow for fast processing. The Fano resonance, 

Equation 4.16, 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 covariance matrix method (4.4.5). Data is captured for 

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

polariser in Figure 4.16 [219]. 
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пΦсΦпΦ wƛƎƻǊƻǳǎ /ƻǳǇƭŜŘπ²ŀǾŜ !ƴŀƭȅǎƛǎ aŜǘƘƻŘ 

Here, I 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 I have discussed both GMR and RCWA elsewhere, I will instead focus on how the 

simulation is constructed and how I use the tool to determine n and k. 

 

CƛƎǳǊŜ пΦмуΥ DǳƛŘŜŘ ƳƻŘŜ ǊŜǎƻƴŀƴŎŜ ŜȄƘƛōƛǘŜŘ ƛƴ ŀƴ L¢h ƎǊŀǝƴƎΣ ǊŜǉǳƛǊŜŘ ǎƛƳǳƭŀǝƻƴ ǇŀǊŀƳŜǘŜǊǎ ƭŀōŜƭƭŜŘΦ 

An illustration of the simulation is shown in Figure 4.18, where the grating parameters are as 

detailed earlier in this section. The Cartesian coordinate system is set up such that the figure is 

drawn in the x-z 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, including n and k, have the potential to drastically change the position 

of the resonance in the spectrum. Given the volume of potential parameters, I 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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Ὢ● ρππὼ ρ ὼ ς ρ ὼ  ȟύὬὩὶὩ ● ὼȟȣȟὼ ᶰᴙ 

9ǉǳŀǝƻƴ пΦмт 

The linear regression of a multivariable system (x) can be achieved using the Rosenbrock 

function (Equation 4.17), utilised by many software tools to find the global minimum of the 

parabolic valley of the function [220]. This can be solved using the Broyden-Fletcher-Goldfarb-

Shanno (BFGS) algorithm [221], which is a quasi-Newton iterative method. Essentially the 

algorithm comes down to finding a minimum (ideally, zero) of the differential function, the 

Hessian function [222], 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 thickness (tg), and film 

thickness (tfilm), where the waveguide thickness (twg) is then calculated as the difference between 

film and grating thickness values. All the structural grating variables were given 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 10̀  ǊŀƴƎŜΦ {ǘŀǊǘƛƴƎ Ŝstimates for n 

and k were taken from literature values for ITO [223] where the boundary conditions are placed 

at the extremes (1.4-2.5 for n, and 0.0001-2.5 for k). 

The substrate material is assumed to be glass, with no loss and a refractive index of 1.45 [95], 

and is assumed to be infinite in all directions. This is an assumption based on the relative 

dimensions between the incident light (400-1000 nm) and the physical substrate thickness (~5 

mm). The grating cover, providing the index contrast in the grating for resonance to occur, is 

assumed to be air, with no loss and an index of 1 [224]. The cover layer is also assumed to be 

infinite in all dimensions and is set to fill the grating gaps. S4 operates based on Fourier 

factorisation and requires a set number of spatial harmonics which are not indicated in the 

schematic. For 1D structures, 21 spatial harmonics is sufficient to achieve sub-nanometre 

resolution for the TE mode and 35 spatial harmonics for the TM mode. 

S4 uses the complex material permittivity ((ʁ )̟) 

 ‐‫ ‐‫ Ὥ‐‫  9ǉǳŀǝƻƴ пΦму 

which is a function of the real (ʁr( )̟) and imaginary components (ʁi( )̟) as shown in Equation 

4.18 where the components can be expressed as a function of the refractive index (n) and 

extinction coefficient (k) as detailed in Equation 4.19. 
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 ‐ ‫ ὲ ‫ Ὧ ‫ȟ ‐‫ ςὲ‫Ὧ‫  9ǉǳŀǝƻƴ пΦмф 

Hence, while I discuss the optical constants and variables for the cover, grating, and substrate 

layers, the simulation uses the complex permittivities to calculate the resultant resonance. 

 

пΦсΦрΦ hǇǝŎŀƭ tǊƻǇŜǊǝŜǎ π 9ȄǇŜǊƛƳŜƴǘŀƭ wŜǎǳƭǘǎ 

 

CƛƎǳǊŜ пΦмфΥ όŀύ LƴŘƛǾƛŘǳŀƭ ƎǊŀǝƴƎ ǾŀǊƛŀōƭŜǎ ŎƘŀƴƎƛƴƎ ǘƘǊƻǳƎƘ ǎƛƳǳƭŀǝƻƴ ƛǘŜǊŀǝƻƴǎ ŀƴŘ ǘƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ 

ŬƎǳǊŜ ƻŦ ƳŜǊƛǘ ŀƴŘ όōύ ǘƘŜ ǎƛƳǳƭŀǝƻƴ ǊŜǎƻƴŀƴŎŜ ǇŜŀƪ Cŀƴƻ ǊŜǎƻƴŀƴŎŜ Ŝǉǳŀǝƻƴ ǇŀǊŀƳŜǘŜǊǎ ŎƘŀƴƎƛƴƎ ŀǎ ŀ 

ŦǳƴŎǝƻƴ ƻŦ ǎƛƳǳƭŀǝƻƴ ƛǘŜǊŀǝƻƴ ŀƴŘ ǘƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ŬƎǳǊŜ ƻŦ ƳŜǊƛǘΦ 

The Rosenbrock regression function figure of merit, shown in Figure 4.19(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 calculated as the square of the 

difference between the Fano equation parameters (Figure 4.19(b)) for both the experimental 

and simulation Fano responses; the latter is calculated as the 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 little-to-no correlation 

between the two spectra, forcing the software to drastically vary the input variables shown in 

Figure 4.19(a), which results in the spikes observed in the black line in Figure 4.19(a)(b). 
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CƛƎǳǊŜ пΦнлΥ /ƻƳǇŀǊƛǎƻƴ ōŜǘǿŜŜƴ ǎƛƳǳƭŀǘŜŘ ŀƴŘ ŜȄǇŜǊƛƳŜƴǘŀƭ ǊŜǎƻƴŀƴŎŜǎ ŦƻǊ ŀƴ L¢h ƎǊŀǝƴƎ ǿƛǘƘ ŬǧŜŘ 

Cŀƴƻ ǊŜǎƻƴŀƴŎŜǎΣ ŦƻǳƴŘ ǳǎƛƴƎ ƳƛƴƛƳƛǎƛƴƎ ŀƭƎƻǊƛǘƘƳΦ 

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 good overlap and bad resonance cannot dominate. However, as 

shown in Figure 4.20, a situation may occur whereby the fits and peak positions are good, but 

the overall correlation 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 outset [225]. 

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 common trend 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 loss component 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 low-loss ITO material and took the amplitude 

difference, which is more sensitive to scattering than the sharpness (Q-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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пΦтΦ 5ŜǘŜǊƳƛƴƛƴƎ 5ǊǳŘŜ tǊƻǇŜǊǝŜǎ 

The final step in determining the Drude equation parameters for ITO is to combine the electrical, 

optical, and simulation measurements in Equation 4.1 and to determine the collision frequency, 

effective electron mass, and high frequency 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 values. 

 

пΦтΦмΦ bƻƴƭƛƴŜŀǊ wŜƎǊŜǎǎƛƻƴ aŜǘƘƻŘ 

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. I use Equation 4.19 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 using the Fano resonance in 4.6.3. The errors in the optical measurements 

then give an upper and lower limit in the permittivity for the nonlinear regression algorithm. 

¢ŀōƭŜ пΦпΥ 9ƭŜŎǘǊƛŎŀƭ ǇŀǊŀƳŜǘŜǊǎ ŘŜǘŜǊƳƛƴŜŘ ōȅ ǘƘŜ ƴƻƴƭƛƴŜŀǊ 5ǊǳŘŜ ǊŜƎǊŜǎǎƛƻƴ ǘŜŎƘƴƛǉǳŜΦ ¢ƘŜ ǇŀǊŀƳŜǘŜǊǎ 

ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ ƳŜŀǎǳǊŜŘ ƻǇǝŎŀƭ ǊŜǎǇƻƴǎŜǎ ŦǊƻƳ L¢h ƎǊŀǝƴƎǎΦ 

O2 Gas Flow Sheet Resistance Conductivity Electron 

Mobility  

Carrier Density 

[%] (RS) [ʍ/sq] ( )̀ [S/cm] ( )˃ [cm2/Vs] (n) [cm-3] 

(x1018) 

0 38.4 ± 0.5 1300 ± 200 28 ± 2 280 ± 70 

5 1940 ± 30 21 ± 1 24 ± 3 4.5 ± 0.2 

20 710 ± 30 57 ± 5 1.1 ± 0.7 13 ± 6 

27 1120 ± 20 36 ± 3 1.4 ± 0.9 8.0 ± 0.9 

The regression algorithm uses the Drude function (Equation 4.1) with the measured electrical 

properties of the ITO films shown in Table 4.4 . 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 the collision 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, respectively; these bounds 

were set through experimentation and could vary depending on material [226]. 

 

пΦтΦнΦ 5ǊǳŘŜ tǊƻǇŜǊǝŜǎ π wŜƎǊŜǎǎƛƻƴ wŜǎǳƭǘǎ 

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 the nonlinear regression to determine the Drude parameters 

are shown in Figure 4.21. 

 

CƛƎǳǊŜ пΦнмΥ wŜŀƭ ŀƴŘ ƛƳŀƎƛƴŀǊȅ ŘƛŜƭŜŎǘǊƛŎ ǇŜǊƳƛǩǾƛǘȅ ŀǎ ŀ ŦǳƴŎǝƻƴ ƻŦ ǿŀǾŜƭŜƴƎǘƘ όŦǊŜǉǳŜƴŎȅύ ŦƻǊ L¢h ŬƭƳǎ 

ŘŜǇƻǎƛǘŜŘ ǿƛǘƘ όŀύ л҈Σ όōύ р҈Σ όŎύ нл҈Σ ŀƴŘ όŘύ нт҈ ƻȄȅƎŜƴ ƅƻǿΦ 

Figure 4.21 shows how different 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 

parameters. To better understand the effect of the oxygen flow during deposition on the Drude 

parameters, I have summarised the results in Table 4.5, where the error values are calculated 

using the covariance method discussed in section 4.4.5. 
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¢ŀōƭŜ пΦрΥ {ǳƳƳŀǊȅ ƻŦ 5ǊǳŘŜ ǇŀǊŀƳŜǘŜǊǎ ŦƻǊ л҈Σ р҈Σ нл҈Σ ŀƴŘ нт҈ ƻȄȅƎŜƴ ƅƻǿ ŎƻƴŎŜƴǘǊŀǝƻƴ L¢h ŬƭƳǎΦ 

O2 Gas Flow Effective Electron 

Mass 

High Frequency 

Permittivity 

Collision Frequency 

[%] (me
*) [au] ( қʁ) [au] (ɱ) [THz] 

0 0.5 ± 0.3 4.3 ± 0.4 147 ± 4 

5 0.4 ± 0.3 5.3 ± 0.5 993 ± 2 

20 0.5 ± 0.3 5.4 ± 0.6 390 ± 1 

27 0.5 ± 0.3 5.3 ± 0.4 1478 ± 1 

 

пΦуΦ {ǳƳƳŀǊȅ ƻŦ ǘƘŜ LƴǾŜǎǝƎŀǝƻƴ 

The effective electron mass, defined as the apparent mass of an electron in response to an 

electric or magnetic field, 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 density, as an 

increase in carriers produces a large potential in which the electron moves. A variation in 

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 decreases. We observe 

this trend, in that the effective electron mass, and carrier density, is at a minimum for the ITO 

film with the lowest conductivity. The literature-assumed value 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 high frequency permittivity, the real component of the permittivity at short (ideally, zero) 

wavelengths is determined by the bound carriers. The assumption made by most authors is that 

the high frequency permittivity is constant for all ITO films with varying carrier concentrations. 

This assumption is clearly an 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 the collision frequency, assumed in the literature to be 180 or 0 THz 

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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density is likely to lead to more 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 could lead to significant errors in expected 

performance and device design. Using the quadrature formulation with the regression results, I 

estimate a 2.2% error in the fits shown in Figure 4.21. We can use the method presented in this 

chapter to determine the optical and electrical properties of ITO going forward, and I will use 

this technique to characterise the ITO used in my MOS EO modulator (section 5.7.2). 

While the experimentally determined real and imaginary dispersion trends shown in Figure 4.21 

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 chapter [80], [188]. Variable angle spectroscopic ellipsometry (VASE) is an alternative and 

robust measurement technique that has frequently been used to determine the optical 

properties of ITO [227]ς[229]. VASE can provide insights into the graded nature of ITO, which 

our method cannot, although as with our model, VASE requires material parameter assumptions 

and a similarly detailed, albeit in a different field, level of understanding and knowledge to 

obtain the results. For a device application, such as the 1D periodic structures examined here or 

the modulators discussed later in the thesis, it is more practical to consider the effective index 

of the material, which our method readily provides. Similarly, we believe that this technique is 

of interest to other members of the transparent conductive oxide family, such as the crystallinity 

of zinc oxide films as a function of oxygen concentration during deposition [230] or the high 

frequency permittivity of gallium zinc oxide as a function of the deposition conditions [231]. 
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Chapter Synopsis 

This chapter presents my development of the fabrication methods required to create the 

electro-optic modulators discussed in this thesis. I have already discussed the design and 

simulated the dimensions required to achieve a metal-oxide-semiconductor (MOS) electro-optic 

(EO) modulator based on the epsilon-near-zero (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 limitations. The 

creation of the MOS EO modulator in this research required a knowledge of the material and 

optical theory and a creative problem-solving attitude to engineering on, at times, the 

nanometre scale. Without the multitude of techniques discussed in this chapter, the modulator 

could not have been realised. In this chapter I will discuss the fabrication and characterisation 

techniques used to create the MOS EO modulator. Many of the individual protocols are either 

well documented or known amongst the wider research group but required adapting for the 

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

Therefore, I would like to acknowledge the Photonics Research Group at the University of York 

for the foundations on which I could develop my protocol. I 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 process, which I have summarised below. 
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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 a 15x15 mm square of the wafer whilst still being 

processed. Chip refers to the final 5x15mm cleaved sample on which the modulator is 

fabricated. 

 

CƛƎǳǊŜ рΦмΥ όŀύ [ŀȅŜǊ ǎǘǊǳŎǘǳǊŜ ƻŦ ǘƘŜ ah{ 9h ƳƻŘǳƭŀǘƻǊ ǿƛǘƘ ŘƛƳŜƴǎƛƻƴǎΥ ² Ϥ о˃ƳΣ ǘǎǳō Ϥ рнрƳ˃Σ ǘǿƎ Ϥ 

мллƴƳΣ ǘƛ Ϥ нллƴƳΣ ŀƴŘ ǘƳ Ϥ мллƴƳΦ όōύ 5ŜǾƛŎŜ ǎǘǊǳŎǘǳǊŜ ƻŦ ǘƘŜ ǇƘŀǎŜ ƳƻŘǳƭŀǘƻǊΦ 

The primary design of the device, illustrated in Figure 5.1(a), includes the following, 

approximate, thicknesses and dimensions, discussed in section 3.5, on the order of width 3 ˃ m 

and thicknesses for the waveguide 150 nm, semiconductor 100 nm, insulator 200 nm, metal 100 

nm. The choice of materials from a design perspective is discussed in section 0, while here, I 

discuss the choice of materials from a fabrication perspective. 
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рΦмΦ [ƛǘƘƻƎǊŀǇƘȅ ¢ŜŎƘƴƛǉǳŜǎ 

To achieve the structure shown in Figure 5.1(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 I 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 lithography process that will be discussed in 

this section from both an EBL and a photolithography perspective. 

 

рΦмΦмΦ !ǇǇƭƛŎŀǝƻƴ ƻŦ tƘƻǘƻǊŜǎƛǎǘǎ 

Photoresists are typically long-chain polymers containing a photon or electron sensitive 

chemical which, when exposed, reacts to either 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 in both instances the weaker bonded polymer is removed during development 

[232]. 

 

CƛƎǳǊŜ рΦнΥ όŀύ {Ǉƛƴ ŎƻŀǘŜǊ ŀǾŀƛƭŀōƭŜ ŀǘ ¸ƻǊƪ ŀƴŘ όōύ ǇƘƻǘƻǊŜǎƛǎǘ ǘƘƛŎƪƴŜǎǎ ŀǎ ŀ ŦǳƴŎǝƻƴ ƻŦ ǎǇƛƴ ǎǇŜŜŘ ŦƻǊ 

{мулл ǇƘƻǘƻǊŜǎƛǎǘ ǎŜǊƛŜǎ ώнооϐΦ 

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 areas [234], [235]. In 

spin coating, the sample is held in place using a vacuum stage (Figure 5.2(a), and the solvent is 

dispensed on to the sample and spun at high speeds to evenly distribute the resist across the 
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surface. I 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 then spun 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 Figure 5.2(b), taken from the S1800 series datasheet [233]. 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 removes 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 pre-development; while this is strictly only necessary for optical resists (not EBL resists), 

the practice was maintained throughout this work, as it also minimises contamination from dust 

and moisture. 

 

рΦмΦнΦ /ƻƳƳƻƴ {Ǉƛƴ /ƻŀǝƴƎ tǊƻōƭŜƳǎ 

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 

ǎŀƳǇƭŜΣ ƪƴƻǿƴ ŀǎ άŜŘƎŜ ōŜŀŘǎέΦ ²ƘƛƭŜ ǘƘƛǎ ŜŦŦŜŎǘ ƛǎ ƻŦǘŜƴ ƳƛƴƛƳŀƭΣ ƛǘ Ŏŀƴ ŎŀǳǎŜ ǳƴŘŜǊ-exposed 

areas on the sample edge, as thicker resist requires higher exposure. To minimise 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 the target 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 this effect 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 high-pressure nitrogen prior to resist application. 

 

 

 



5.1. Lithography Techniques  5. Fabrication Methods 

151 
 

рΦмΦоΦ 9ƭŜŎǘǊƻƴ .ŜŀƳ [ƛǘƘƻƎǊŀǇƘȅ 

EBL is a top-down nanometre-scale pattern-transfer fabrication technique, with significantly 

higher resolution than UVL, which typically operates on the micrometre-scale [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 exposure area, known 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 writefield size of 500 ˃ m and a stitching accuracy of 30-50 nm. 

EBL requires the use of specifically designed e-beam resist and, in the case of patterning a 

dielectric, a complementary charge dissipation layer to prevent the build-up of charge on the 

surface negatively impacting the patterning. EBL is capable of its nanometre-scale feature sizes 

due to the nature of accelerated electrons, namely the wave-particle duality, where the 

wavelength 
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9ǉǳŀǝƻƴ рΦм 

is governed by the de Broglie relationship (Equation 5.1ύΣ ǿƘŜǊŜ Ƙ ƛǎ tƭŀƴŎƪΩǎ ŎƻƴǎǘŀƴǘΣ Ǉ ǘƘŜ 

linear momentum, m the electron mass, Ekinetic the kinetic energy of the electron, and ˂ the de 

Broglie wavelength.  Using the appropriate literature values and the kinetic energy of the Raith 

system (50 keV), the de Broglie wavelength is approximately 5 pm. 
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9ǉǳŀǝƻƴ рΦн 

The electrons pass through a uniform circular aperture, and therefore experience Airy diffraction 

where the first minimum is given by Equation 5.2, where NA is the numerical aperture given as 

a function of the aperture (D) and focal length (f). For the Raith system we use, with apertures 

on the order of 10s of micrometres and a focal length of approximately 20 mm, the NA is of the 

order 2x10-3, resulting in a spot size of order 5 nm [238], [239]. 
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CƛƎǳǊŜ рΦоΥ όŀύ LƴǘŜǊŀŎǝƻƴ ƻŦ ŜƭŜŎǘǊƻƴǎ ǿƛǘƘ ǊŜǎƛǎǘ ƛƭƭǳǎǘǊŀǝƴƎ ǇǊƻȄƛƳƛǘȅ ŜũŜŎǘ ŀƴŘ όōύ ǘƘŜ ŜȄǇƻǎŜŘ ŀǊŜŀ 

ǊŜƳŀƛƴƛƴƎΦ 

The Raith system would form a spot this size on a bare substrate, but when incident on a resist 

layer, the electrons scatter both within the resist layer and in the substrate leading to a reduction 

ƛƴ ǊŜǎƻƭǳǘƛƻƴΣ ƪƴƻǿƴ ŀǎ ǘƘŜ άǇǊƻȄƛƳƛǘȅ ŜŦŦŜŎǘέ [240], [241]. The proximity effect is illustrated in 

Figure 5.3 where the scattering is shown in (a), and 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 illustrated in Figure 5.3. This interaction dictates the 

minimum feature size, which for the Raith system is on the order of 10 nm. The 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 the target resist and resist thickness. 

 

рΦмΦпΦ ¦ƭǘǊŀǾƛƻƭŜǘ [ƛǘƘƻƎǊŀǇƘȅ 

UV-lithography (UVL) is a top-down micrometre-scale pattern-transfer fabrication technique 

utilising narrow-bandwidth UV light to impart energy into a photoresist to change its chemical 

properties. Unlike the EBL technique, the UVL available at York uses a fixed-beam moving-stage 

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 between 1 and 100 mms-1 [237]. 
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CƛƎǳǊŜ рΦпΥ όŀύ LƴǘŜǊŀŎǝƻƴ ƻŦ ¦± ǿƛǘƘ ǊŜǎƛǎǘ ƛƭƭǳǎǘǊŀǝƴƎ ǇǊƻȄƛƳƛǘȅ ŜũŜŎǘ ŀƴŘ όōύ ǘƘŜ ŜȄǇƻǎŜŘ ŀǊŜŀ ǊŜƳŀƛƴƛƴƎΦ 

UVL is common practice in photolithography, with many specific techniques including deep- and 

extreme- UV lithography at very short (~100s of nanometres and ~10s of nanometres 

respectively), but most UV emission lines of interest are in the 300-450 nm range. The shorter 

wavelengths, as with EBL, are more desirable due to smaller diffraction effects leading to greater 

spatial resolution. UVL photoresists are typically designed for use in a set wavelength range, and 

it is therefore important to match the resist to the exposure wavelength. Similarly, to EBL, the 

focussed UV scatters on interaction with the photoresist layers and substrate to produce an 

angled exposed area via the proximity effect as illustrated in Figure 5.4(a) and (b). 

The Kloe system we use has a wavelength of 375 nm, focussed using an aperture and 10x 

objective lens. The optics and wavelength can produce a spot size between 5-10 m˃ while the 

stage is stationary, where the spot size can vary with stage velocity. Exposure dose is determined 

by several factors; the UV source modulation power (0-100%), the stage velocity (0-100 mms-1), 

and we can add a neutral density (ND) filter to the aperture to further reduce dose. In this work, 

I use UVL in conjunction with a bilayer lift off process which is detailed in section 5.3.3. 

 

рΦмΦрΦ 5ŜǾŜƭƻǇƳŜƴǘ 

Exposed positive, and unexposed negative, photoresist is highly soluble in a chemical developer, 

which is often specifically designed by the manufacturer to dissolve the resist. 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 post-development [242]. Developers 

are specifically chosen to complement the photoresist, though typically contain a weak solution 

of sodium hydroxide, potassium hydroxide, or tetramethylammonium hydroxide, where the key 
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difference is the content of metal ions in the developer. Metal ion-based developers are typically 

not compatible with MOS devices due to metal contaminants and the potential for salt deposits 

on the sample surface. Hence, it is important to choose a suitable developer. 

 

рΦмΦсΦ tƘƻǘƻǊŜǎƛǎǘ hǳǘƎŀǎǎƛƴƎ 

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 (section 5.1.7) 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 the exposed photoresist [147]. A similar concern arises 

from the content of the outgassing during reactive deposition techniques, which are discussed 

in section 5.2. Outgassing introduces a reactive species into the vacuum chamber during 

deposition and may present a possible reaction between the outgassing solvent and deposited 

material. 

 

рΦмΦтΦ IŀǊŘ .ŀƪƛƴƎ 

Hard baking, as with soft baking post-spin 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 photoresist and is performed after the patterning 

process is complete. Baking above ~120°C results in a reshaping of the photoresist and aids in 

smoothing sidewalls and rounding corners of the remaining resist. SU-8 is of particular interest 

for this research as the result is a glass-like material that is chemically inert and structurally 

strong enough to withstand further processing. SU-8 is discussed in more detail in section 5.6.1, 

but becomes very difficult to remove once hard baked, to the point where aggressive organic 

removal techniques are required, such as Piranha cleaning (section 5.5.2) [243]. 
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рΦнΦ ¢Ƙƛƴ CƛƭƳ 5ŜǇƻǎƛǝƻƴ 

A MOS-EO modulator, such as Figure 5.1(a), requires at least 2 layers that cannot be spun, 

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. 

 

рΦнΦмΦ tƘȅǎƛŎŀƭ ±ŀǇƻǳǊ 5ŜǇƻǎƛǝƻƴ 

Physical vapour deposition (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. As the name 

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 deposition technique as the exchange 

of energy is due to a bombardment of high energy particles [147]. 

I use a sputter deposition technique to deposit thin films of indium tin oxide (ITO), due to the 

thermal sensitivity of the material reported in the literature [244]. 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 section 5.2.9, but here I will detail both 

techniques. 

 

рΦнΦнΦ {ǇǳǧŜǊ 5ŜǇƻǎƛǝƻƴ 

Sputtering is a thin film deposition technique common in the fabrication of semiconductor and 

optical devices and can be considered a sublimation process, as the solid material is turned 

directly into a vapour without melting. I 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, shown Figure 5.5(a). A schematic of the bespoke system is shown in 

Figure 5.5(b) and is explained below. 
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CƛƎǳǊŜ рΦрΥ όŀύ tƘƻǘƻƎǊŀǇƘ ŀƴŘ όōύ ǎŎƘŜƳŀǝŎ ƻŦ ǘƘŜ ōŜǎǇƻƪŜ ǇǳƭǎŜŘ 5/ ǊŜŀŎǝǾŜ ƳŀƎƴŜǘǊƻƴ ǎǇǳǧŜǊŜǊ ŀǘ 

¸ƻǊƪΣ ǎŎƘŜƳŀǝŎ ƴƻǘ ǘƻ ǎŎŀƭŜΦ 

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 binding energy 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 near-surface region in Figure 5.5(b). An injected inert 

gas, typically argon, is present in the same region. Collisions between the target electrons and 

outer shell argon electrons, 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 impact upon 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 desired thin film [245]. 

Sputtering is an inherently omnidirectional process and can have a low target-to-film yield [102]. 

To improve efficiency, our bespoke system in Figure 5.5(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 the schematic. The sputter target is held in place 

by a locking ring, highlighted in Figure 5.6(b). Deposition rate and thickness through the use of 

a quartz crystal microbalance (QCM) [246]. 
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The bespoke sputtering system in Figure 5.5(a) is labelled to include; (i) sputtering guns, (ii) 

reactive gas inlet, (iii) argon gas inlet, (iv) 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. 

 

рΦнΦоΦ aŀƎƴŜǘǊƻƴ {ǇǳǧŜǊƛƴƎ 

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 release secondary 

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 for thermally sensitive materials. 

 

CƛƎǳǊŜ рΦсΥ LƴŘƛǳƳ ǝƴ ƻȄƛŘŜ ǎǇǳǧŜǊ ǘŀǊƎŜǘ όŀύ ƴŜǿ ŀƴŘ όōύ ǇƭŀŎŜŘ ƛƴ ǘƘŜ ǎǇǳǧŜǊ ƎǳƴΣ ŎƭŀƳǇŜŘ ƛƴǘƻ ǇƭŀŎŜΣ 

ǿƛǘƘ ŘŀǊƪ ǎǇŀŎŜ ǎƘƛŜƭŘ ǊŜƳƻǾŜŘΦ 

The internals of the bespoke sputtering system in Figure 5.6(b) are labelled to include (i) indium 

tin oxide sputtering target, (ii) target retaining ring, (iii) argon gas 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 literature [247]ς[250] but are critical for the thin film deposition. For 

thermally sensitive materials, such as ITO, it is preferential to operate the plasma at low pressure 

and temperature, which requires the use of a magnetron which is placed behind the target in 

Figure 5.6(b) [251]. 
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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 electric field provided by 

the sputter gun. Thus, ionised argon atoms are accelerated toward the target in a circular path, 

ŎǊŜŀǘƛƴƎ ǘƘŜ ŎƻƳƳƻƴƭȅ ƴŀƳŜ άǊŀŎŜǘǊŀŎƪέ ŜŦŦŜŎǘ ƻōǎŜǊǾŜŘ ƛƴ Figure 5.6(b) [250]. 

 

рΦнΦпΦ {ǇǳǧŜǊƛƴƎ ƻŦ /ƻƳǇƻǳƴŘǎ 

When compounds 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 than the other, 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 steady-state composition 

and depth profile are quickly reached where the removal of both elements occurs at the original 

stochiometric composition [252]. 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. 

 

рΦнΦрΦ wŜŀŎǝǾŜ {ǇǳǧŜǊƛƴƎ 

Sputtered ITO is the critical layer that dictates the performance of the EO modulator, as such 

the deposition parameters need to be finely controlled. We use an indium tin oxide target (In2O3-

SnO2 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 backpressure (Figure 5.5(b)). 

CƛǊǎǘƭȅΣ ƭŜǘΩǎ ŎƻƴǎƛŘŜǊ ƻȄȅƎŜƴ ƛƴ ǘƘŜ ǇƭŀǎƳŀ ƎŀǎΦ hȄȅƎŜƴ ǘŜƴŘǎ ǘƻ ŦƻǊƳ ƴŜƎŀǘƛǾŜ ƛƻƴǎΣ ǿƘƛŎƘ ƛǎ ŀ 

concern during sputtering, as the ions are accelerated away from the target by the same electric 

field accelerating positive argon ions to the target. High energy negative ions impacting on the 

growing film can damage or alter the properties of the ITO film [254]ς[256]. 
















































































































































































































































