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Abstract

This thesis presents the design, development, and characterisation of a novel

spatial light modulator operating in the terahertz (THz) regime. It addresses

key limitations in current THz technologies, including the scarcity of effi-

cient modulators with high spatial resolution, fast response times, and in-

tegration compatibility with THz imaging systems. The device employs a

high-resistivity (5000 Ohm·cm), 480 µm-thick silicon wafer modulated via

photoexcitation at intensities up to 1.5 W/cm2 and wavelengths spanning

405–920 nm. Spatially patterned excitation is delivered using a digital mi-

cromirror device (DMD), enabling reconfigurable and high-resolution THz

modulation. The modulator is integrated into a 550 GHz imaging system,

where its performance is assessed in terms of spatial resolution, contrast, mod-

ulation depth, and frame rate. The system achieves real-time image forma-

tion with a diffraction-limited resolution of 340 µm and a modulation depth

of 29%. Dynamic modulation tests demonstrate operational frame rates ex-

ceeding 10 kHz while maintaining consistent contrast. These results highlight

the system’s potential for applications in security screening, non-destructive

testing, and biomedical imaging. Ultimately, this work bridges disciplines

across materials science, photonics, and semiconductor engineering, deliver-

ing a scalable and efficient platform that advances the capabilities of THz

modulation and imaging.

Supervisors: Prof. K.J. Weatherill and Prof. C.S. Adams
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Chapter 1

Introduction

Terahertz (THz) technology has emerged as a frontier in the field of electromagnetic

research, offering vast potential across diverse applications such as medical imaging,

security screening, and high-speed wireless communications. Despite its promise,

the development of efficient THz modulators—a crucial component for controlling

and utilising THz waves—remains a significant challenge [1]. Current THz mod-

ulator designs, including electro-optic [2], all-optical [3], and metamaterial-based

modulators [4], have made strides but often fall short in modulation speed, effi-

ciency, and integration with existing technologies [5]. This thesis seeks to address

these limitations by exploring the design and development of a novel spatial THz

light modulator, leveraging innovative modulation techniques to seamlessly integ-

rate with existing THz imaging systems [6]. By advancing the capabilities of THz

modulators, this research aims to bridge the so-called "THz gap" and unlock new

avenues for applications of THz technology [7]. The results of this work could lead

to more effective and versatile solutions in fields ranging from healthcare to indus-

trial quality control, underscoring the transformative potential of THz technology.

1.1 Terahertz Band Gap

The THz band, spanning frequencies from 0.1 to 10 THz [8], occupies a unique po-

sition within the electromagnetic spectrum, situated between the microwave and

1



1.1. Terahertz Band Gap

Infra-Red (IR) regions. This frequency range, often referred to as the "THz gap,"

is illustrated in Figure 1.1 and presents both challenges and opportunities for

scientific and technological advancement. Historically, the THz band has been un-

derutilised due to the difficulties associated with generating, detecting, and modu-

lating THz waves [9]. These challenges arise from the lack of efficient THz sources

and detectors, often due to the technological limitations of traditional electronic

and photonic devices, which are not optimised for this specific range.

Microwave Infrared Visible Ultraviolet

30 mm 3 mm 30 µm 300 nm 30 nm

X-rayMillimetre wave

Electronic Systems Photonic Systems‘The THz Gap’

Terahertz

Figure 1.1: A chart of the electromagnetic spectrum ranging in wavelength from
300 mm to 3 nm, depicting commonly named regions to highlight the so-called
‘THz band gap’. Additionally, regions of typical electronic-based and photonic-
based systems are shown.

Recent advancements in materials science and semiconductor technology have

started to unlock the potential of the THz band [10], allowing for the develop-

ment of innovative devices and systems capable of overcoming the "THz gap." The

key characteristics of the THz band include wavelengths ranging from 30 µm to

3 mm [11]. These wavelengths enable unique interactions with a wide variety of

materials, facilitating non-ionising and non-invasive probing techniques [12]. The

low photon energy of THz radiation, which lies within the millielectronvolt (meV)

range, ensures its safety for biological tissues, making it particularly suitable for ap-

plications such as medical imaging and security screening [13], where non-invasive

and safe techniques are of paramount importance.

While the THz band offers several advantages, its application in fields like

medical imaging is hampered by significant challenges, notably its interaction

with water molecules—a major component of biological tissues [14]. THz radi-

ation is strongly absorbed by water due to the rotational transitions of water

molecules within the THz frequency range, leading to high levels of attenuation

2



1.2. THz Technology

and scattering [15]. This presents a major obstacle for THz imaging in medical

diagnostics, as it restricts the depth of penetration and the clarity of the image.

To address these challenges, researchers have proposed strategies such as the

use of THz modulation devices to dynamically manipulate the amplitude of THz

wavefronts. These devices enable adaptive beam shaping, allowing the circum-

vention of areas with a high water content [16]. By providing real-time control

over THz wave amplitudes, modulators can enhance the depth of penetration and

improve image resolution, optimising the propagation path through tissues and

mitigating the effects of water absorption and scattering. This approach leverages

the flexibility and precision of THz modulators to dynamically adapt to varying

tissue compositions and environmental conditions, thus improving the effectiveness

of THz imaging for medical diagnostics [17].

Despite these technological advances, the THz band remains challenging to

harness due to the persistent lack of efficient sources and detectors [18]. Traditional

electronic devices struggle to operate at these high frequencies, while photonic

devices optimised for IR wavelengths do not perform well in the THz range [19].

However, progress in areas such as THz quantum cascade lasers [20], photocon-

ductive antennas [21], and non-linear optical crystals [22] has begun to bridge this

gap, making THz applications more viable [23]. These advancements indicate a

promising future for the integration of THz technologies in various sectors, offer-

ing safer and more precise imaging solutions that can transcend the limitations of

existing technologies.

1.2 THz Technology

Terahertz technology represents a rapidly evolving field that focuses on the devel-

opment of devices and systems capable of generating, manipulating, and detecting

THz radiation [1]. This technology stands out due to its unique properties, which

distinguish it from other forms of electromagnetic radiation such as X-rays and IR

3



1.2.1. Terahertz Imaging

light. THz waves offer several advantageous characteristics, including the ability to

penetrate a variety of non-metallic materials and provide spectroscopic information.

These properties have spurred recent advancements in THz technology, leading to

significant progress in areas such as THz imaging and modulation. Unlike X-rays,

THz radiation is non-ionising, making it inherently safer for human exposure. In

addition, the spectroscopic capabilities of THz waves allow for a detailed analysis of

material properties, which can be leveraged for applications ranging from security

screening and biomedical imaging to the detection of explosives and the develop-

ment of advanced communication systems. This section will explore the current

state of THz technology, examining the techniques and applications that drive its

innovation, and set the stage for the specific work presented in this thesis.

1.2.1 Terahertz Imaging

Terahertz imaging is an emerging technology that capitalises on the distinctive in-

teractions of THz waves with various materials, offering unique insights that are

not possible with conventional imaging methods. This imaging modality is gaining

significant attention in multiple fields, including medical diagnostics, security, and

industrial inspections, due to its non-ionising nature and its ability to penetrate

non-conductive materials such as plastics and ceramics [24, 25]. The primary mech-

anism behind THz imaging involves transmitting or reflecting THz waves through

a sample, followed by the detection and analysis of the resulting signals [26, 27].

The contrast in THz images arises from variations in the absorption and reflection

properties of different materials at THz frequencies [11], allowing for the identific-

ation of substances and structures that are invisible to other types of radiation,

such as X-rays or infrared light [28, 29].

The fundamental principle of THz imaging lies in the unique absorption and

reflection characteristics exhibited by different materials when exposed to THz ra-

diation. For instance, water has a high absorption coefficient for THz waves, which

can be exploited to differentiate between dry and wet materials or to identify biolo-

4



1.2.1. Terahertz Imaging

gical tissues with high water content [30, 31]. This capability makes THz imaging

particularly useful for applications that require distinguishing between materials

with varying moisture levels or detecting the presence of biological materials. Un-

like X-rays, which are suitable for applications that require detailed internal images,

such as medical diagnostics of bone fractures, THz radiation is non-ionising and

poses no health risks with prolonged exposure. As a result, THz imaging offers a

safer alternative for applications involving repeated imaging, particularly in health-

care settings.

Terahertz imaging systems are generally classified into time- and frequency-

domain systems, each offering distinct advantages and limitations [32, 33]. Time-

domain THz imaging systems utilise pulsed THz radiation to capture both the

amplitude and phase information of the sample. This technique involves generating

short pulses of THz radiation directed at a sample, and the transmitted or reflected

pulses are then detected and analysed to reconstruct an image [34]. Time-domain

systems are highly sensitive and can achieve high-resolution imaging, making them

ideal for time-resolved studies and detailed material characterisation [35, 36]. For

example, they can measure the thickness of layers, identify material compositions,

and detect defects within structures [37, 38], owing to their ability to capture

transient responses of a system or material.

In contrast, frequency-domain THz imaging systems employ continuous-wave

THz sources and measure the response of a sample at specific THz frequencies.

Although generally simpler and more cost-effective, these systems typically offer

lower resolution compared to time domain systems [39, 40]. This is because they

measure steady-state responses averaged over time, which can smooth out rapid

changes and finer details, leading to a loss of transient information and reduced

ability to resolve short-duration events. Despite this limitation, frequency-domain

systems are valuable for applications where high speed and cost efficiency are more

critical than high resolution, such as large-scale industrial inspections [9].

Several advanced imaging techniques are employed in THz imaging to enhance
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its capabilities. Raster scanning is one such technique, involving the movement of a

single-pixel detector across the sample in a systematic pattern, capturing data point

by point to construct an image [41, 42]. While this method can be time-consuming,

it is advantageous in applications requiring high spatial resolution and detailed

analysis. Raster scanning is particularly useful in research and laboratory settings

where precision is critical and the area of interest is relatively small. However, the

slow speed of image acquisition makes raster scanning less suitable for applications

requiring rapid image processing, such as real-time security screening.

An alternative to raster scanning is the use of Focal Plane Arrays (FPAs),

which consist of a grid of detectors that can simultaneously capture THz images

over a wide area, allowing parallel processing of data [43]. This capability signific-

antly accelerates the imaging process compared to raster scanning, making FPAs

well-suited for applications where rapid image acquisition is essential, such as se-

curity screening and industrial quality control. FPAs provide faster imaging while

maintaining adequate resolution and sensitivity, although they may have lower res-

olution for very detailed analyses compared to raster scanning due to the limited

pixel size and spatial sampling resolution [44]. Despite this, advancements in FPAs

continue to improve their performance, making them increasingly viable for a wide

range of applications.

Microbolometers are another type of detector used in THz imaging, measur-

ing temperature changes induced by the absorption of THz radiation [45]. These

detectors operate at room temperature, making them more practical and cost-

effective than other detector types requiring cryogenic cooling. Microbolometers

offer a good balance between performance and affordability, making them attract-

ive for various applications, including portable and handheld THz imaging devices.

However, their relatively lower resolution and sensitivity compared to more ad-

vanced detectors, such as superconducting arrays, may limit their suitability for

applications that require extremely high sensitivity or precision [46].

Superconducting arrays, such as transition-edge sensors [47] and kinetic in-
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ductance detectors [48], offer ultra-high sensitivity and fast response times, making

them ideal for applications requiring precise measurements of weak THz signals.

These detectors are particularly useful in environments with low-temperature re-

quirements, such as astronomical observations or fundamental research in phys-

ics [49]. The exceptional sensitivity of superconducting arrays allows for the detec-

tion of faint THz signals that other detectors might miss, enabling more detailed

and accurate imaging. However, the need for cryogenic cooling adds complexity

and cost to the system, limiting their practicality for some applications. Despite

these challenges, the superior performance of superconducting arrays makes them

invaluable for high-end scientific research and specialised industrial applications.

Atomic imaging is another advanced technique that involves the use of atomic

vapours or gases to detect and image THz radiation [50]. This technique leverages

the unique interactions between THz waves and atoms to achieve high sensitivity

and frequency selectivity. Atomic-based detectors are particularly suitable for spec-

troscopic applications and the study of fundamental THz interactions with matter.

The sensitivity of atomic-based imaging systems allows for the precise character-

isation of material properties and the detection of minute changes in THz signals.

However, the complexity of these systems and their reliance on specific environ-

mental conditions can pose challenges in terms of implementation and scalability.

Despite these challenges, atomic-based imaging continues to be a valuable tool for

advanced research and specialised applications, contributing to the overall advance-

ment of THz imaging technologies.

Quantum Cascade Lasers (QCLs) play a crucial role in THz imaging, serving

as efficient and tunable THz sources. QCLs operate by utilising inter-subband

transitions in semiconductor superlattices to emit THz radiation. They offer high

power and narrow linewidths, making them ideal for both time- and frequency-

domain THz imaging systems. The development of THz, QCLs has been crucial

in advancing the capabilities of THz imaging, enabling applications that require

precise control over the frequency and intensity of emitted signals.
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Terahertz imaging has a broad range of applications across different fields,

largely due to its unique ability to penetrate various materials and its non-ionising

nature [51]. In the field of security, THz body scanners are employed in airports

and other high-security environments to detect concealed objects. These scan-

ners use millimeter-wave technology to create a generic outline of a person’s body

rather than an anatomically accurate image, effectively maintaining passenger pri-

vacy while identifying hidden threats [40]. THz waves can penetrate clothing and

packaging materials, revealing hidden weapons, explosives, and other contraband

items. Unlike X-rays, THz radiation is non-ionising, making it safer for repeated

use in security screenings.

In non-destructive testing applications, THz imaging is used to inspect the

integrity of composite materials in the aerospace and automotive industries [52,

53]. THz waves can detect delamination, cracks, and other defects within com-

posite structures, ensuring the reliability and safety of critical components without

damaging them [1]. This capability is crucial to maintaining the high standards

required in these industries, where the safety and performance of materials are

paramount [54].

Medical imaging represents another promising area for THz technology. The

non-ionising nature of THz radiation makes it a safer alternative to X-rays for

medical applications [55]. THz imaging can be used to monitor burns, identify

cancerous tissues, and detect dental cavities [56, 57]. For example, THz waves can

differentiate between healthy and cancerous tissues based on their water content

and other molecular differences, which could lead to more accurate cancer diagnoses

and advances in Deoxyribonucleic Acid (DNA) related science [33, 58].

In the pharmaceutical industry, THz spectroscopy can analyse the molecular

composition of substances, ensuring the quality and consistency of pharmaceut-

ical products [59]. THz imaging can detect impurities, measure the thickness of

coatings, and ensure uniformity in drug formulations [60]. Similarly, in chem-

ical sensing, THz waves can identify and characterise chemical compounds, making
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them useful for environmental monitoring and detection of hazardous materials [61].

While IR technology is also employed in these areas, THz technology offers unique

advantages, such as reduced heating effects and enhanced sensitivity to broader

structural interactions.

The continued development of THz imaging technologies promises signific-

ant advancements across multiple sectors, leveraging the unique properties of THz

waves to achieve safe, effective, and innovative imaging solutions. As research pro-

gresses, the integration of THz imaging into existing systems and its application in

new domains will likely lead to further breakthroughs and enhanced capabilities,

solidifying its position as a critical tool in modern technology.

1.2.2 Terahertz Modulation

The design and development of THz modulators are pivotal in advancing THz

technology. These modulators are essential for controlling the properties of THz

waves, allowing their application in a wide range of fields, including high-speed

communication systems and advanced imaging techniques. Efficient THz modula-

tion involves manipulating the amplitude, phase, or polarisation of THz radiation,

enabling dynamic control over THz signals. Despite the promising potential of

THz waves, which can penetrate materials opaque to visible and IR light such as

clothing, paper, and certain plastics, achieving efficient THz modulation is challen-

ging [62]. This difficulty arises from the longer wavelengths of THz radiation and

the lack of suitable materials and devices capable of directly manipulating them at

high resolutions.

In classical optics, passive elements such as lenses, mirrors, and gratings are

sufficient for many imaging and beam-shaping applications. However, in the THz

regime, passive elements alone cannot provide the dynamic control required for

modern applications. This is due to the inherent limitations in spatial reconfigur-

ability and speed offered by passive optics. Active THz modulation is essential in
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systems that demand real-time adaptability, such as dynamic beam steering, image

encoding, and material discrimination in scattering media. Moreover, THz imaging

is particularly sensitive to environmental variations, especially water content, and

thus benefits from modulators that can adaptively optimise the wavefront during

operation. Without active control over amplitude or phase, many of the potential

advantages of THz technology, such as safe, non-ionising imaging in biomedical or

security contexts, remain underutilised. Therefore, the integration of fast, reconfig-

urable modulation elements marks a key differentiator between proof-of-principle

THz systems and deployable, high-performance solutions.

It should be noted that this thesis does not explore electro-optic or interfer-

ometric single-mode THz modulator systems. Instead, it focuses on the design

and implementation of a spatially reconfigurable THz modulator based on op-

tical excitation of a high-resistivity silicon wafer. Modulation is achieved indirectly

through the projection of spatially patterned visible light, using a Digital Micromir-

ror Device (DMD), which induces localised changes in carrier concentration and

thus modulates THz transmission spatially across the wafer. This configuration

distinguishes itself from classical amplitude or phase modulators by offering pixel-

level spatial control over THz wavefronts, enabling integration into high-resolution

imaging systems.

A fundamental challenge in THz modulation is the absence of materials and

devices optimised for the THz frequency range. Traditional electronic and photonic

devices, such as the DMD in this work, are typically designed for visible light and

face significant limitations when applied to THz radiation. For example, DMDs

consisting of an array of micromirrors that tilt to reflect light into or away from

an optical path are highly effective in modulating visible light. However, they are

not as effective for THz waves due to the larger wavelengths involved. The pixel

size and mechanical movement of the micromirrors are not optimised for THz fre-

quencies, leading to substantial diffraction and scattering losses. Furthermore, the

materials used in conventional DMD technologies often lack the necessary proper-
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ties to interact efficiently with THz radiation.
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Figure 1.2: A flow chart diagram showing a THz Modulator, and a THz im-
ager. Typical components for such devices are also displayed being a spatial mask
(DMD), an excitation laser, and a semiconductor (silicon wafer) as the interface
between the modulator and the imager.

To overcome these limitations, innovative modulation techniques have emerged

that utilise advances in materials science and semiconductor technology. One prom-

ising approach involves the use of semiconductors, such as silicon, as in this work,

which can be photoexcited to generate free carriers that interact with THz waves,

effectively modulating their amplitude. Optical excitation allows for local changes

in silicon conductivity, enabling precise control over THz wave interactions. How-

ever, achieving spatial modulation of THz waves at a fine resolution necessitates

additional techniques, such as using spatially dynamic masks to control where pho-

toexcitation occurs on the semiconductor surface. In this context, DMDs can play

a pivotal role, not by directly modulating THz waves, but by projecting dynamic

optical patterns onto the silicon surface, thereby creating a reconfigurable photo-

excitation mask that allows for high-resolution control over THz wave properties.

This design for the modulator is illustrated in Figure 1.2 in a flowchart form along

with the connections to the THz imager for ease of understanding.

Alternatively, electro-optic modulators are also widely employed for THz mod-

ulation. These modulators utilise materials whose refractive index changes when

subjected to an electric field, permitting precise control of THz wave properties
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such as amplitude and phase [63, 64]. Materials like lithium niobate and gal-

lium arsenide are commonly used due to their significant electro-optic coefficients.

Electro-optic modulators achieve high modulation speeds and are compatible with

existing electronic and photonic systems [65–67], making them suitable for applic-

ations requiring rapid signal processing.

All-optical modulators, on the other hand, exploit the interaction between

THz waves and optical signals in non-linear materials [68]. Techniques such as the

Kerr effect [69, 70], where the refractive index of a material changes in response

to the intensity of the optical signal, enable high-speed modulation. All-optical

modulators offer faster modulation capabilities than their electro-optic counter-

parts, making them ideal for applications demanding rapid signal processing [71]

and integration with high-speed imaging systems [72].

Another alternative is metamaterial-based modulators which use engineered

structures with electromagnetic properties not found in natural materials [73–75].

These metamaterials can be designed to exhibit specific responses to THz waves,

such as negative refractive indices or tailored absorption characteristics. By care-

fully designing the structure of these metamaterials, efficient THz modulation sys-

tems can be achieved [76, 77], allowing for significant flexibility in controlling THz

wave properties.

Semiconductors like graphene and indium phosphide have also shown promise

in THz modulation due to their high electron mobility and tunability. These ma-

terials facilitate ultrafast THz modulation, potentially reaching speeds necessary

for next-generation wireless technologies [78, 79]. The integration of semiconductor

technologies with silicon photonics is paving the way for more efficient and com-

pact THz modulators [80, 81], enhancing their practicality for a wide range of

applications.

Terahertz modulators play a crucial role in various applications, providing

dynamic control over THz signals to optimise the performance of THz technolo-
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gies. In high-speed communication systems, THz frequencies offer the potential

for data rates that surpass current wireless technologies, making them attractive

for high-speed communication and data transfer. THz modulators enable ultra-

high-speed data transmission by dynamically controlling the amplitude, phase, and

frequency of THz waves, supporting data-intensive applications such as streaming

high-definition video and real-time data analytics [82].

In imaging systems, THz modulators allow for the dynamic manipulation of

THz wavefronts [63, 64], enabling adaptive beam shaping and enhancing image

resolution. This capability is particularly valuable in medical imaging, where THz

modulators can optimise the propagation path through tissues, reducing the detri-

mental effects of absorption and scattering, and thereby improving image clarity.

In spectroscopic applications, THz modulators are employed to selectively

modulate THz waves, enabling the precise characterisation of material proper-

ties. This capability is crucial for chemical sensing, environmental monitoring, and

the detection of hazardous materials, where accurate identification and analysis of

chemical compounds are essential.

Significant progress has been made in developing THz modulators, driven by

advancements in materials science and semiconductor technology. Recent devel-

opments include the use of metamaterials and semiconductors with high electron

mobility, which exhibit exceptional modulation speeds and tunability. These ad-

vancements have paved the way for integrating THz modulators into existing sys-

tems, enhancing their practicality and expanding their applications across various

fields.

In recent years, several THz modulator systems have demonstrated significant

advances in spatial resolution and modulation speed, but persistent limitations re-

main. Modulation speeds now span from single-digit kHz to, in some metasurface

implementations, low-GHz levels, while typical spatial resolutions lie within the

400–800 µm range. The reported values represent experimentally realised perform-
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ance in published systems, rather than theoretical proposals or simulations. For

example, a 2019 Nanomaterials review reports modulation speeds rising from kHz

to GHz over the past decade, with modulation depths nearing 100% at kHz rates;

however, spatial resolution remains relatively coarse [83]. Another 2022 MDPI Mi-

cromachines survey frames the challenges in achieving true pixel-level THz SLMs,

citing typical pixel pitches of several hundred micrometres [84]. In contrast, this

thesis presents an optically addressed silicon device achieving 340 µm spatial res-

olution—near the diffraction limit at 550 GHz (545 µm wavelength) with dynamic

modulation exceeding 10 kHz frame rate, thereby providing a benchmark for both

resolution and speed simultaneously.

In conclusion, designing and developing efficient THz modulators is critical

to harnessing the full potential of THz technology. By overcoming the challenges

associated with traditional modulation techniques and leveraging innovative ap-

proaches, THz modulators can enhance the capabilities of THz systems and unlock

new opportunities for their application. This research aims to advance the field

of THz modulation by exploring novel designs and materials, contributing to the

broader adoption and integration of THz technologies in both scientific and prac-

tical domains.

1.3 Thesis Overview

The research in this thesis aims to address the persistent challenges in THz mod-

ulation and imaging discussed, particularly the limitations in modulation speed,

efficiency, and integration with current technologies. By advancing the capabilities

of THz modulators, this study seeks to bridge the technological gap in the THz

frequency range and unlock new avenues for practical applications across diverse

fields, including medical diagnostics, security screening, and high-speed communic-

ation systems.

Chapter 2 lays the foundational theoretical principles underpinning THz
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modulation and imaging. It delves into the physics of THz interactions with mater-

ials, exploring the unique properties of THz waves that facilitate their application

in various domains. This chapter provides a comprehensive framework for under-

standing the complex interactions involved in THz modulation, setting the stage

for the experimental investigations that follow.

Chapter 3 outlines the experimental setup and methodologies employed in

designing, fabricating, and testing the modulator. It provides a detailed account

of device selection, component fabrication processes, and measurement techniques

used to evaluate the modulator’s performance. The chapter emphasises the import-

ance of selecting suitable materials that can interact effectively with THz waves,

highlighting the role of semiconductors and metamaterials in achieving efficient

modulation.

In Chapter 4, the thesis presents the results of experimental investigations

into the Digital Micromirror Device (DMD), evaluating its performance across vari-

ous applications and its integration with the modulator. This chapter assesses the

DMD’s capability to project dynamic optical patterns onto a semiconductor surface,

thereby facilitating high-resolution spatial modulation of THz waves. The findings

from these investigations inform the subsequent development and optimisation of

the modulator.

Chapter 5 focuses on the characterisation of silicon, the chosen semiconductor

for the modulator. It evaluates silicon’s performance in numerous applications, ex-

amining its suitability for THz modulation through photoexcitation techniques.

This chapter provides insights into the electronic properties of silicon and its in-

teraction with THz waves, underscoring its role as a critical component in the

modulator’s design.

In Chapter 6, the thesis explores the modulator’s application within a high-

resolution atomic-based imager. Evaluations are performed on its effectiveness in

compatible high resolution image creation, image contrast, and fast dynamic modu-

15



1.3. Thesis Overview

lation. The integration of the modulator with the THz imager aims to demonstrate

its potential to enhance imaging capabilities, providing valuable information on the

practical applications of THz technology.

The thesis culminates in Chapter 7, which summarises the key findings and

their implications for the field of THz technology. It highlights the contributions of

this research to the advancement of THz modulators and imaging systems, offering

suggestions for future research directions that could further enhance the design

and development of THz spatial light modulators. This chapter underscores the

transformative potential of THz technology, emphasising the role of innovative

modulation techniques in bridging the THz gap and enabling new applications

across scientific and practical domains.

In summary, this thesis aims to contribute significantly to the field of THz

technology by designing and developing a spatial THz light modulator that ad-

dresses existing challenges and enhances the integration of THz systems. By lever-

aging novel materials and techniques, the research advances the understanding and

application of THz modulators, paving the way for more efficient and versatile

solutions in various sectors. The outcomes of this work have the potential to re-

volutionise the use of THz technology, offering more precise and innovative imaging

and communication solutions.
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Chapter 2

Theoretical Framework for Silicon

Excitation

In this chapter, we delve into the theoretical aspects of silicon excitation, exploring

its fundamental electronic properties which we then use to develop a foundation

for its electro-optical phenomena. By exploiting carrier dynamics and recombina-

tion properties of silicon, the electro-optical properties can be manipulated to alter

THz propagation through the sample. This propagation is examined using Fresnel

transfer matrix equations. The resulting comparison in propagation between excit-

ation states known as modulation depth is then arrived at, providing a numerical

measure of the designed modulator’s performance. In addition to formulaic explan-

ations in this chapter, graphical simulations of the theory are used throughout to

enhance comprehension of the entire modulation process. The concepts discussed

here will be utilised in Chapter 3 for the development of experimental methods

as well as in Chapter 4, Chapter 5, and Chapter 6 to enhance understanding

of the results.
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2.1 Introduction

Understanding silicon excitation theory is crucial for designing efficient THz mod-

ulators. The properties of silicon, including its band structure, charge carrier dy-

namics, and doping capabilities, make it an ideal candidate for THz applications.

Silicon’s indirect band gap allows for effective manipulation of electrons and holes,

which is essential for modulating THz radiation. The relevance of silicon in THz

technology lies in its ability to be excited through various mechanisms, such as

optical, electrical, and thermal excitation. These excitation methods facilitate the

generation and control of charge carriers, thereby altering the material’s conduct-

ivity and refractive index. This capability is vital for THz devices, which require

precise control over wave propagation and interaction with matter.

This chapter provides a comprehensive overview of silicon’s electronic proper-

ties and the fundamental mechanisms of excitation. By examining carrier dynam-

ics, recombination processes, and the interaction of excited silicon with THz waves,

we set the stage for a detailed exploration of how these factors contribute to the

design and performance of silicon-based THz modulators.

2.2 Electronic Properties of Silicon

Silicon’s electronic properties are fundamental to its role in THz modulation and

are characterised by its crystal structure, band structure, and carrier dynamics.

Silicon crystallises in a diamond cubic lattice, which significantly influences its

electronic behaviour. The silicon atoms are arranged in a tetrahedral configuration,

creating a semiconductor with an indirect band gap of approximately 1.12 eV at

room temperature [85]. This band gap is a crucial parameter because it dictates

the energy required to excite electrons from the valence band to the conduction

band, thus generating electron-hole pairs.
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2.2.1 Silicon Band Gap

The electronic band structure of silicon is seen in Figure 2.1 a), depicting the

relationship between the energy levels and the high symmetry wave vectors [86].

These high symmetry wave vectors are determined from the first Brillouin zone

which is a diamond cubic lattice represented in reciprocal space seen in Figure

2.1 b). The band structure reveals that the valence band maximum and the con-

duction band minimum do not occur at the same wave vector; hence the term

’indirect band gap.’ This indirect nature impacts the absorption of photons; only

photons with sufficient energy can excite electrons across the band gap. Addi-

tionally, a non-radiative process known as phonon interaction occurs, where excess

energy is dissipated as heat in an energy packet. This quasiparticle associated with

vibrations of the crystal lattice enables conservation of momentum in the excita-

tion process. This characteristic influences silicon’s optical properties, making it

less efficient for light absorption compared to direct band gap materials but still

effective for THz applications.
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Figure 2.1: a) The electronic band structure of silicon demonstrating the energy
levels associated with high symmetry wave vectors of the silicon lattice. b) The
first Brillouin zone diagram for a primitive cell in reciprocal space of a Face Centred
Cubic (FCC) lattice showing the high symmetry wave vector definitions used in
the band structure graph [87].
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2.2.2 Carrier Mobility

Carrier dynamics in silicon are defined by the behaviour of mobile electrons and

holes. These carriers are intrinsic to the silicon before excitation, and increase in

number during excitation. The mobility of these carriers is a critical parameter,

influenced by factors such as doping, temperature, and the presence of defects.

1014 1016 1018 1020Carrier Density (1/cm³)0

250

500

750

1000

1250

1500

1750

2000

Mobilit
y (cm²/

V·s)

250 K
300 K
350 K
400 K
450 K
500 K

1014 1016 1018 1020Carrier Density (1/cm³)0

100

200

300

400

500

600

700

Mobilit
y (cm²/

V·s)
250 K
300 K
350 K
400 K
450 K
500 K

a) b)

Figure 2.2: Mobility of charge carriers against charge carrier density within the
silicon showing both electron a) and hole b) mobility characteristics for varying
temperatures between 250 and 500 K [88].

Doping is a controlled process in which impurities are introduced into silicon

to alter its electrical properties. Pentavalent (n-type) doping, achieved by adding

elements such as phosphorus or arsenic, introduces extra electrons, while trivalent

(p-type) doping, achieved with elements such as boron, creates holes. The concen-

tration and type of dopants determine the free charge carrier density and hence

the carrier mobility of the material. At room temperature, the electron mobility

in intrinsic silicon is approximately 1300 cm2/Vs whereas hole mobility is roughly

300 cm2/Vs as seen in Figure 2.2. These values are subject to change with dop-

ing, which introduces additional energy levels within the band gap [88], modifying

electrical conductivity and carrier concentration.

As the density of the charge carriers increase, the mobilities of both of these
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carriers decrease. Adjusting the temperature of silicon mainly impacts the max-

imum possible mobilities in silicon, seen at the lower end of the carrier density.

It should be noted that later the lasers responsible for the excitation process can

lead to increased temperatures on the silicon wafer thus slightly affecting carrier

mobility.

2.2.3 Wafer Resistivity
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Figure 2.3: Resistivity against charge carrier density within the silicon showing
both n- and p-type characteristics from Equation 2.1. Region 1 depicts a linear
relationship between n and p-type characteristics, while region 2 contains a non-
linear relationship.

Resistivity is another fundamental property of silicon, one that quantifies how

strongly a material opposes the flow of electric current. While the mobility of holes

and electrons provides insight into the ease with which charge carriers can move

through silicon, resistivity [89], defined as

ρn,p = 1
Neµe,h

, (2.1)

offers a more comprehensive picture by encompassing not only the electron or hole

mobility (µe or µh respectively) but also the concentration of these charge carriers

(N), and electron charge (e). Hence, a better understanding of the general ability

of the material to conduct electrical current is required, as seen in Figure 2.3.
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Pure, intrinsic silicon has a low carrier density and therefore also a high res-

istivity as the conductivity of the silicon has decreased. Alternatively, heavily doped

silicon has an increased carrier density and, therefore, corresponds to a decreased

resistivity and an increase in conductivity.

2.2.4 Justification for Silicon

The decision to use silicon as the active substrate in this spatial THz light mod-

ulator was made based on a combination of electronic performance, fabrication

compatibility, material availability, and thermal and mechanical properties. While

alternative materials such as germanium and compound semiconductors (e.g. InP,

GaAs) offer attractive physical properties, silicon remains the most balanced and

scalable option for this application.

From an electronic standpoint, silicon’s indirect band gap of 1.12 eV is well-

suited for optical excitation using commercially available laser wavelengths. This

range permits efficient generation of free carriers at moderate powers without risk-

ing excessive thermal loading. Germanium, by contrast, has a smaller band gap

(approximately 0.66 eV), making it more susceptible to thermal noise and unsuit-

able for the same range of pump wavelengths without introducing dark current or

extraneous background effects.

Fabrication-wise, silicon benefits from decades of development in the computer

industry, offering highly refined surface preparation, doping, and wafer-scale uni-

formity. In contrast, germanium wafers often suffer from higher costs, lower defect

tolerances, and limited high-resistivity substrate options. The high-resistivity float-

zone silicon used here is commercially available and well-characterised, enabling

minimal intrinsic free-carrier absorption before excitation. Such high-resistivity

wafers are not widely available for many alternative materials.

Silicon also offers exceptional thermal conductivity, which assists in dissipat-

ing heat from the localised optical excitation during high-speed modulation. Its
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mechanical hardness and chemical stability further allow for repeated experimental

testing and compatibility with optical and THz systems.

While materials such as GaAs exhibit higher electron mobilities and could

offer faster carrier response, their optical transparency windows and costs pose

major drawbacks. Furthermore, achieving high spatial modulation resolution re-

quires wide-bandgap behaviour and excellent carrier confinement at micron scales

properties well met by silicon when passivated and polished appropriately.

Thus, the choice of silicon reflects a deliberate optimisation across optical com-

patibility, spatial resolution, fabrication readiness, and system integration require-

ments. This ensures the approach remains reproducible, scalable, and consistent

with future photonic integration.

2.3 Electro-optical Phenomena

Silicon demonstrates a variety of electro-optical phenomena when subjected to elec-

tromagnetic fields. This section begins by examining the theoretical foundations

through the Drude model, which provides insight into these phenomena. We then

extend the discussion by integrating the results from the Drude conductivity equa-

tions with plasma frequency equations to derive the permittivity characteristics of

silicon. This framework lays the groundwork for understanding how these char-

acteristics evolve upon excitation of silicon, leading to subsequent changes in its

electro-optical properties.

2.3.1 Drude Conductivity

The classical Drude model provides a framework for understanding the behaviour

of charge carriers in silicon when interacting with THz waves by expressing the

complex conductivity in terms of incident angular frequency:

σ̃(ω) = σ0
1 − iτmωTHz

, (2.2)
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where σ0 = Ne2τm
m from Ohm’s law [90], N is the free charge carrier density, m

is the electron mass, τm is the momentum relaxation lifetime which is derived as

τm = (meµe
e + mhµh

e )/e in which me,h and µe,h are the effective masses and mobil-

ities of the electrons and holes respectively, and ωTHz is the incident angular THz

frequency.

The Drude model is well-suited for explaining THz modulation in photoexcited

silicon because it provides a simple yet accurate description of free charge carrier

behaviour under an electric field, focusing on their density and mobility. Unlike

quantum mechanical models [91], which require detailed consideration of band

structure and quantum effects, or the Boltzmann transport equation [92], which

involves complex non-equilibrium dynamics, the Drude model captures the essential

physics with fewer assumptions and computational demands. This balance between

simplicity and accuracy makes the Drude model optimal for understanding and

designing spatial THz modulators using silicon, where macroscopic conductivity

changes are the primary concern.

2.3.2 Plasma Frequency

Another key characteristic of silicon is its plasma frequency which represents the

natural oscillation frequency of free charge carriers in a material when displaced

from their equilibrium position. Plasma frequency [93] is denoted by ωplas where

ωplas =

√
(N0 + Nex)e2

meϵ0
, (2.3)

in which, ϵ0 is the permittivity of free space, and N0 is the charge carrier density

present within the silicon before excitation occurs, and Nex is the additional charge

carriers resulting from the excitation process.

The plasma frequency plays a crucial role in the determination of the optical

properties of silicon. It marks the boundary between reflective and transparent

behaviour. For frequencies below the plasma frequency, the material behaves like
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a metal, reflecting electromagnetic waves. For frequencies above the plasma fre-

quency, the material becomes transparent and allows the waves to pass through.

In terms of modulation, if the plasma frequency remains below the incident THz

frequency, such as when no additional Nex are present, silicon will allow THz waves

to pass through with minimal reflection, acting as a transparent medium.

In contrast, when additional charge carriers are present, there is a shift in the

plasma frequency above the incident THz frequency, and silicon will reflect the

THz waves more effectively, acting as a mirror and thus modulating the signal.

2.3.3 Permittivity Dynamics

By using the relationship ϵ̃(ω) = ϵ∞ + iσ̃(ω)
ϵ0ωTHz

, the complex conductivity of the

silicon from the Drude model in Equation 2.2 can be combined with the plasma

frequency of the silicon in Equation 2.3 to be rewritten as the Drude-Lorentz

complex dielectric function [94] for the permittivity of the silicon:

ϵ̃(ω) = ϵ∞ −
ω2

plas
ω2

THz + iγωTHz
. (2.4)

Here γ is the damping rate specific to the silicon such that γ = 1
τm

, and ϵ∞ is the

high-frequency dielectric constant [95] which is a background constant specific to

the silicon at 11.7. This relationship now allows us to express the permittivity of

the silicon sample relative to its total charge carrier density at a given incident

THz frequency. This is crucial to allow us to compare and analyse how inducing

additional charge carriers directly affects the dielectric properties of silicon during

modulation of any given THz frequency.

2.4 Carrier Generation, Diffusion, and Recombination

The understanding of charge carrier dynamics is crucial in the development of spa-

tial THz light modulators as we have seen that charge carriers play a fundamental

role in determining the electro-optical properties of the modulator. When silicon
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2.4.1. Carrier Generation

is excited, energy is absorbed, causing the promotion of electrons from the valence

band to the conduction band, thereby generating electron-hole pairs.

Upon generation in silicon, the processes of recombination of charge carriers

play a crucial role in influencing THz modulation. Recombination, where electrons

in the conduction band return to the valence band and annihilate holes, occurs

through various mechanisms, each with distinct effects on the dynamics of charge

carriers, as shown for reference in Figure 2.4. Understanding these processes

is essential for optimising the efficiency of silicon-based THz modulators. The

dynamics of these charge carriers—including their generation, recombination, and

transport—significantly influence the modulator’s performance.
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Figure 2.4: Schematic of recombination mechanisms for radiative (RRad), Auger
(RAuger), SRH (RSRH), and surface (RSurf) recombination. Demonstrating the
transitions between the conduction and valence bands in each case.

2.4.1 Carrier Generation

There are three primary mechanisms for exciting silicon: optical, electrical, and

thermal excitation. Each mechanism has unique advantages and applications in

the context of THz technology. Optical excitation offers high-speed and precise

control, making it suitable for applications requiring rapid modulation, and it will

be the chosen mechanism for excitation in this work.

Optical excitation can be achieved using laser sources with wavelengths less
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2.4.1. Carrier Generation

than 1107 nm, providing a controllable and efficient means of generating charge

carriers when the photon energy is higher than that of the energy band gap

(h̄ωex ≥ Eg, ωex = 2πc
λex

). The efficiency of the process is influenced by factors such

as the wavelength of light (λex), intensity, and duration of exposure. Shorter

wavelengths, closer to the blue and ultraviolet spectrum, are more effective at

generating carriers due to higher photon energy. The intensity and duration of the

light exposure also play critical roles, as higher intensities and longer exposures

increase the number of carriers generated, enhancing the modulation depth.

When analysing the rate of charge carrier generation in silicon under photo-

excitation, we begin with the fundamental relationship that describes how light is

absorbed within a semiconductor material. The Beer-Lambert law is essential in

this context, as it quantifies the attenuation of light as it propagates through a

medium [96]. Mathematically, the intensity of light I(z) at a depth z within the

silicon is given by:

I(z) = I0e−αz, (2.5)

where I0 is the initial light intensity at the surface of the silicon, α is the absorption

coefficient of the material, and z is the distance from the surface. The absorption

coefficient α is excitation wavelength dependent and determines how effectively

silicon absorbs photons at a given excitation wavelength. It is defined as α = 4πκex
λex

where κex is the imaginary part of the complex refractive index of the semiconductor

(ñex = nex + iκex) [97].

The generation rate G(z) of electron-hole pairs at depth z can then be given by

the product of the absorption coefficient and the local photon flux in the equation

G(z) = αI0
h̄ωex

(1 − R)e−αz, (2.6)

where h̄ωex is the energy of the incident photons and R is the reflectivity of the

silicon surface [98]. The reflectivity value, defined as R =
∣∣∣ (1−ñex)

(1+ñex)

∣∣∣2, comes from

the complex refractive index of the semiconductor [97].
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2.4.2 Carrier Diffusion

Once carriers are generated, their movement within the semiconductor can be de-

scribed by the current density, which includes contributions from both drift and

diffusion processes. The drift current arises from the motion of the carriers under

the influence of an electric field. When an electric field E is applied across the

semiconductor, the carriers experience a force that drives them in the direction of

the field (for electrons) or opposite to the field (for holes). The drift current density

Jdrift for electrons and holes in an electric field E can be expressed respectively as:

Jdrift:e,h = eNe,hµe,hE. (2.7)

Diffusion Current arises from the movement of carriers from regions of high

concentration to regions of low concentration, driven by concentration gradients.

The diffusion current density Jdiff for electrons is given by Fick’s first law [99]:

Jdiff = eDe
dNe
dz

, (2.8)

where De is the diffusion coefficient for electrons (this can be substituted for Dh to

calculate −Jdiff for holes), dNe
dz is the concentration gradient of electrons (this must

be substituted for dNh
dz when calculating −Jdiff for holes).

The diffusion coefficients are derived from the Einstein Relationship [100] such

that

De,h = µe,h
kBT

e , (2.9)

where kB is Boltzmann’s constant and T is the temperature of the wafer. Combin-

ing Equation 2.7, Equation 2.8, and Equation 2.9, we arrive at a definition

for the electron current density:

Je = eNeµeE + eDe
dNe
dz

. (2.10)

Solving this equation allows us to calculate the diffusion of charge carriers within

the silicon.
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2.4.3 Radiative Recombination

Radiative recombination, seen in Figure 2.4, also known as band-to-band re-

combination, occurs when an electron recombines directly with a hole, emitting

a photon. This process is less significant in indirect bandgap materials such as

silicon, where the recombination process typically involves phonons to conserve

momentum. The rate of radiative recombination RRad can be expressed as follows:

RRad = BNeNh, (2.11)

where B is the radiative recombination coefficient. This is a well-documented

coefficient and can be extracted from existing literature [101].

2.4.4 Auger Recombination

Auger recombination, seen in Figure 2.4, is a non-radiative process in which the

recombination energy of an electron-hole pair is transferred to another electron or

hole, which is then excited to a higher energy state within the same band. This

process is significant under high carrier injection conditions such as photoexcitation.

The Auger recombination rate RAuger is given by:

RAuger = CeN
2
e Nh + ChNeN

2
h , (2.12)

where Ce,h are the Auger recombination coefficients for electrons and holes re-

spectively. The Auger recombination coefficients are also well-researched values

from semiconductor physics and can be taken from literature [102].

2.4.5 SRH Recombination

Shockley-Read-Hall (SRH) recombination, seen in Figure 2.4, also known as trap-

assisted recombination, occurs through defect states within the bandgap, which

act as recombination centres. These defects capture an electron and a hole in two
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2.4.6. Surface Recombination

separate events, facilitating their recombination. The rate of SRH recombination

RSRH is given by:

RSRH = NeNh − N2
0

τh(Ne + Ne1) + τe(Nh + Nh1) , (2.13)

where τe,h are the carrier lifetimes for electrons and holes respectively, and Ne1,h1

are the equilibrium concentrations of electrons and holes in the presence of trap

states respectively.

2.4.6 Surface Recombination

Surface recombination, seen in Figure 2.4, is a critical phenomenon that occurs

at interfaces between the semiconductor material and its surrounding environment

or at the boundaries of different materials within a device. In silicon-based THz

spatial light modulators, surface recombination can significantly impact device per-

formance, especially in structures with high surface-to-volume ratios.

Surface recombination occurs because the atomic bonds at the surface of a

semiconductor are often incomplete, leading to the formation of surface states or

traps within the bandgap. These traps can capture carriers, leading to recombin-

ation. The rate of surface recombination RSurf is typically characterised by the

surface recombination velocity S, which describes how quickly carriers recombine

at the surface:

RSurf = S(Ne(z = 0) + Nh(z = 0))
2 , (2.14)

where Ne,h(z = 0) are the electron and hole concentrations at the surface or spe-

cifically at depth z = 0. Due to the importance of reducing recombinations, and

ensuring that generation rates are as high as possible, the majority of THz mod-

ulators utilise surface passivation techniques [103] to reduce the dangling bonds

responsible for the high RSurf rates.
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2.4.7 Carrier Lifetime and Resolution

The total bulk recombination rate (Rbulk) in a semiconductor is the sum of the

rates of all individual recombination mechanisms excluding surface recombination

rates. These processes occur simultaneously and independently, meaning that their

contributions to the total recombination rate are additive such that

Rbulk = RRad + RAuger + RSRH. (2.15)

The bulk carrier lifetime (τbulk) is a crucial parameter that characterises how

long, on average, a carrier (electron or hole) exists before recombining. The in-

verse of the lifetime of the bulk carrier is equal to the sum of the inverses of the

lifetimes associated with each recombination process [104]. This relationship can

be expressed:
1

τbulk
= 1

τRad
+ 1

τAuger
+ 1

τSRH
. (2.16)

By calculating τbulk along with diffusion coefficients from Equation 2.9, we can

determine the diffusion length (LD) and therefore the spatial resolution of the THz

modulator [105]. The diffusion length is defined as

LD =
√

Dτbulk, (2.17)

which implies that for any given excitation location, there will be a diffusion of

carriers within a radius of LD from that location. This results in a spatial resolution

of ∆(x) ≈ 2LD.

In practice, minimising non-radiative mechanisms, such as Auger and SRH

recombination, is often a priority in device design to extend the bulk carrier lifetime

and improve overall device performance. Improving Auger recombination involves

typically decreasing the density of charge carriers by decreasing the excitation

intensity, which leads to less modulation. Therefore as seen in Equation 2.17,

this means there is an inherent trade-off between better modulation performance,

and better spatial resolution to be aware of during the design of a spatial THz

modulator.
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2.4.8 Continuity Equation

The continuity equation provides a comprehensive description of the temporal

and spatial evolution of carrier densities within the semiconductor. It is de-

rived from the conservation of charge and accounts for both carrier generation

(Equations 2.6) and recombination processes (Equations 2.11–2.15), as well

as carrier transport through drift and diffusion (Equations 2.7–2.10). For elec-

trons and holes, the continuity equation can be expressed respectively as

δNe
δt

= G − Rbulk − RSurf + ∇ · Je. (2.18)

This equation combines all the carrier dynamics equations of generation (G), bulk

and surface recombination (Rbulk, RSurf), and diffusion (specifically ∇ · Je is used

to compute the divergence of the current density vector) to calculate the changing

electron carrier density within the wafer during a photoexcitation event [85].

Figure 2.5 is a simulation of Equation 2.18, with an emphasis on demon-

strating the effects of altering excitation intensity from Equation 2.6. At depth

0 mm is where the excitation is taking place on the wafer, for which there is an

exponential decay into the wafer back to the intrinsic state. For higher intensities,

there is a correspondingly higher magnitude of generated charge carriers.

Note the logarithmic scale on the generated carrier densities. This scale sug-

gests that the majority of carriers (90%) generated by the excitation process occur

within the first 10 or so microns of the wafer. While excitation does occur deeper

into the sample, it should be evident how influential the surface layers of the wafer

are in the effectiveness of the modulator design.

2.5 Fresnel Transfer Matrix Equations

The Fresnel transfer matrix equations provide an effective framework for analysing

the propagation of electromagnetic waves through stratified media. These equa-

tions are pivotal in understanding how THz interacts with different layers of silicon.
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Figure 2.5: Generated charge carriers against depth into a photoexcited silicon
wafer showing the unexcited carrier count (intrinsic), compared to the effects of
altering excitation intensities.

By modelling the interfaces and the propagation within each layer of a silicon wafer

(see Figure 2.7), applying Fresnel transfer matrices then enable precise calcula-

tions of reflection, transmission, and absorption coefficients.

2.5.1 Complex Refractive Index

Beginning by examining silicon’s refractive index which can be established from

the complex permittivity ϵ̃(ω) = ϵRe(ω) + iϵIm(ω) where ϵRe and ϵIm are the real

and imaginary terms respectively according to the Kramers-Kronig relation [97].

From the Fresnel formula in which we attain ñ2 = ϵ̃(ω), we arrive at ñ(ω) =

nRe(ω) + inIm(ω) where

nRe(ω) =

√√√√ϵRe(ω) +
√

ϵ2
Re(ω) + ϵ2

Im(ω)
2 , (2.19)

and

nIm(ω) =

√√√√−ϵRe(ω) +
√

ϵ2
Re(ω) + ϵ2

Im(ω)
2 . (2.20)

The outputs to Equation 2.19 and Equation 2.20 during excitation are

crucial to the modulation phenomena we are designing the THz modulator for.
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Therefore, for clarity, these functions have been simulated in Figure 2.6 for vari-

ous different levels of excitation (generated free-charge carrier concentrations) to

illustrate exactly how excitation alters the properties of the wafer.
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Figure 2.6: Refractive index against depth into the silicon wafer showing the real
a) and imaginary b) parts of the refractive index for various levels of generated
charge carriers.

At depth 0 mm is where excitation is taking place on the silicon. It is here that

the largest change in refractive index is witnessed in Figure 2.6. The stronger the

excitation, the larger the change in refractive index from the intrinsic state. The

intrinsic state has a real refractive index of 3.42 and it can be seen that over the

depth of the silicon, the excited silicon’s refractive index is returning to this value.

The imaginary component of the refractive index relates to absorption of the THz

taking place across the depth of the silicon; this also depletes back to the intrinsic

state.

2.5.2 Transfer Matrices

Having now attained refractive index information, we use Fresnel transfer matrix

equations to achieve transmission and reflection formulae from the refractive index

distribution of the wafer. By slicing the wafer of thickness h into k homogenous

layers we realise a multilayered structure with slices of identical thickness δ and a
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Figure 2.7: Schematic diagram for the multilayered silicon with its corresponding
layer, refractive index, and matrices identified. Demonstrating the propagation of
the THz through the layers resulting in a total reflection and transmission according
to the layer and interface matrices across the wafer.

respective complex refractive index of ñj = ñ(z = jδ), where z is the depth into

the silicon at which the jth layer lies as seen in Figure 2.7.

A key feature of this multilayered structure and its many interfaces are the

wave vectors that describe the propagation of the THz waves relative to these

interfaces. The general free-space wave vector equation is

k0 = 2πfTHz
c

, (2.21)

where fTHz is the frequency of the propagating THz wave.

From this we can attain the in-plane wave vector (k∥) which represents the

component of the wave vector that lies parallel to the interfaces of the layers.

It describes the propagation of the wave along the plane of the interface, which

is typically the direction of the horizontal projection of the incident wave. It is
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defined as

k∥ = k0ñ0 sin θTHz, (2.22)

where ñ0 is the complex refractive index of the first layer, which is it important

to note is that of air, as is the ñk+1 layer and are positioned on either side of the

silicon wafer. θTHz is the angle at which the THz radiation is incident on the wafer;

usually this is 0 during normal operation.

Additionally, the out-of-plane wave vector (k⊥) can be derived which repres-

ents the component of the wave vector that is perpendicular to the interfaces. It

describes the propagation of the wave through the thickness of the layers, which is

typically the direction normal to the interface and is defined as

k⊥ =
√

ñ2k2
0 − k2

∥. (2.23)

To ensure the precision of the simulation, the number of layers (k) is chosen

such that δ is smaller than the wavelength of incident THz. With these parameters

set, the propagation matrix Aj for the wave traversing the jth layer is expressed:

Aj =

eiϕj 0

0 e−iϕj

 , (2.24)

where ϕj = 2πδñjfTHz/c represents the phase shift exhibited on the traversing THz

wave of frequency fTHz. Additionally, the propagation matrix Bj(j+1) for the jth

and the (j + 1)th layer interface can now be expressed:

Bj(j+1) = 1
tj(j+1)

 1 rj(j+1)

rj(j+1) 1

 , (2.25)

where tj(j+1) = 2ñj

ñ(j+1)+ñj
and rj(j+1) = ñ(j+1)−ñj

ñ(j+1)+ñj
are the Fresnel transmission and

reflection coefficients respectively [97].

Using these matrices, the transfer matrix equation can be constructed as

M =
k∏

j=1
AjBj(j+1) =

M00 M01

M10 M11

 , (2.26)
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where the two propagation matrices are repeatedly multiplied over the entire thick-

ness of the wafer between j = 1 and k. The relation between waves incident to

the wafer with the exiting waves is given by ( 1
r ) = M( t

0 ), where r and t are the

reflection and transmission coefficients respectively [106]. When rearranged, the

combination of these concepts result in definition for wafer transmittivity (Trans)

as follows:

Trans =
∣∣∣∣ 1
M00

∣∣∣∣2 . (2.27)

A key point to note is from Equation 2.2 the term ωTHz used in the derivation

of transmittivity from Equation 2.27 means that the transmittivity value only

holds for that specific incident THz radiation. However, by scanning a range of

incident THz frequencies and therefore a range of ωTHz values it becomes possible

to visualise transmittivity as a function of incident THz frequencies. This is shown

in Figure 2.8 where it now becomes apparent that etalon cavity affects are taking

place in the silicon, dependent on the silicon wafer thickness. Moreover, evidence of

the intended modulation affects start to become visible as the transmittivity values

for excited and intrinsic example wafers are plotted together for comparison.
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Figure 2.8: Example transmission against incident THz frequencies for both ex-
cited and intrinsic states of silicon showing etalon cavity affects and initial obser-
vations of modulation affects via excitation.

Figure 2.8 shows notable effects of thickness on transmission for both the
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excited and intrinsic states. Upon closer inspection of the excited transmission, it

is seen that there is an offset in apex locations. This is due to the slight change in

the refractive index upon excitation inducing a further change in the free spectral

range in the etalon cavity, resulting in an offset from the intrinsic state.

A common means of measuring modulator performance is via modulation

depth [107]. This is a comparison between excited and non-excited transmittivity.

Modulation depth (MD), defined as

MD = Trans0 − Transex
Trans0

, (2.28)

where Trans0 is the transmittivity of the intrinsic (non-excited) silicon wafer, and

Transex is the transmittivity of the excited silicon wafer. This is usually expressed

as a percentage, as shown in Figure 2.9 which is the modulation depth produced

from the transmissions seen in Figure 2.8.
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Figure 2.9: Simulation of modulation depth of a silicon wafer against incident
THz frequencies demonstrating etalon affects induced upon the modulation depth.

In conclusion, through the combination of light and matter theory and semi-

conductor physics, it is possible to examine the fundamental phenomena that affect

the modulation processes involved in the modulator described in this work. By fi-

nally simulating the modulation depth and therefore the performance of a THz

modulator, parameters which impact this metric can be determined and then ac-
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counted for in the design of the modulator. This theory therefore acts as a guide in

the upcoming results chapters where experimentation has been specifically targeted

towards these performance-impacting parameters.
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Chapter 3

Experimental Methods and

Procedures

This chapter presents the experimental methodologies that underpin the develop-

ment and validation of the THz spatial light modulator. The methods described

here serve to characterise both the material system and the optical-THz setup, es-

tablishing the foundation for interpreting the device’s performance in later chapters.

It begins with the integration of Focused Ion Beam (FIB) technology for

precise Transmission Electron Microscopy (TEM) sample preparation, followed

by advanced electron microscopy techniques—Bright Field - Transmission Elec-

tron Microscopy (BF-TEM), Scanning Transmission Electron Microscopy (STEM),

Energy-Dispersive X-ray Spectroscopy (EDS), and Selected Area Electron Diffrac-

tion (SAED)—to assess the silicon wafer structure and impurity profile, as dis-

cussed in Chapter 5. These measurements are essential for confirming the wafer’s

suitability as a photoexcited modulation medium.

The chapter then outlines the implementation of optical systems including di-

ode, Ti:Sapphire, and NKTEvo supercontinuum lasers, along with THz systems for

spectroscopic and imaging analysis. These systems are used to generate and evalu-

ate spatial excitation patterns and modulation performance, with results developed

in Chapter 4 and Chapter 6.

41



3.2. Transmission Electron Microscopy

3.1 Focused Ion Beam

Focused Ion Beam (FIB) systems, based on gallium ion sources, have become in-

dispensable for high-precision micromachining and sample preparation [108, 109].

Their integration with Scanning Electron Microscopes (SEM) has further enabled

simultaneous milling and imaging, making them ideal for site-specific Transmission

Electron Microscopy (TEM) sample preparation.

Today, FIBs are widely used in materials science, nanotechnology, and fail-

ure analysis. One of its most critical applications is TEM sample preparation,

where FIBs enables site-specific thinning of bulk materials to electron-transparent

thickness (100 nm or less). Additionally, FIB techniques are employed in nan-

ofabrication, including maskless lithography, and 3D prototyping [110, 111]. The

ability to precisely mill, modify, and deposit materials at the nanoscale makes FIB

technology a fundamental tool as shown in Chapter 5.

In this thesis, the thin lamellae produced are essential for directly examin-

ing lattice structure, defect density, and crystallinity, properties that influence

charge carrier dynamics such as SRH and surface recombination discussed in Sec-

tion 2.4.5 and Section 2.4.6. Confirmation of crystal integrity ensures consist-

ency with the assumptions used in modelling carrier mobility and recombination

lifetimes. For further information on the FIB procedure and the milling performed

on the Silicon wafer, refer to Appendix A.

3.2 Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) enables atomic-scale imaging through

the interaction of high-energy electrons with ultra-thin samples. Its superior resol-

ution, stemming from the short de Broglie wavelength of electrons [112, 113], has

made it a foundational tool in materials characterisation. TEM is now widely used

for atomic-scale imaging in various fields. In materials science, crystallography,
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grain boundaries, and defects in metals, ceramics, and polymers are examined.

Nanotechnology relies on it for analysing nanoparticles, quantum dots, and 2D

materials like graphene. The semiconductor industry uses TEM for failure analysis

and quality control, while geosciences apply it to study minerals and meteorites. In

this discourse, we shall use TEM to analyse silicon wafers to determine the presence

of any defects or impurities.

Silicon 

Wafer

FIB

BF-TEM

EDS

SAED

STEM

TEM

Figure 3.1: A flowchart depicting the integration of the silicon wafer into the Fo-
cused Ion Beam (FIB) milling process before implementation into the Transmission
Electron Microscopy (TEM) system. The TEM system is shown to contain four
subsystems, namely Bright Field - Transmission Electron Microscopy (BF-TEM),
Energy-Dispersive X-ray Spectroscopy (EDS), Selected Area Electron Diffraction
(SAED), and Scanning Transmission Electron Microscopy (STEM).

There are several imaging modes in TEM, each optimised for specific types

of analysis as shown in Figure 3.1. In the following sections we shall discuss the

modes used in Chapter 5 for characterisation of a silicon wafer. Bright Field -

Transmission Electron Microscopy (BF-TEM) which collects unscattered electrons,

producing images where denser regions appear darker. SAED provides crystallo-
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graphic information by generating diffraction patterns from the sample’s atomic

structure. Energy-Dispersive X-ray Spectroscopy (EDS) for elemental mapping

combined with Scanning Transmission Electron Microscopy (STEM) which scans

a focused electron probe across the sample, enabling high-resolution imaging. For

additional information on the TEM schematics and the corresponding subsystem

operations, refer to Appendix A.

3.2.1 Bright-Field TEM

Bright Field - Transmission Electron Microscopy (BF-TEM) [114] is the most com-

monly used imaging mode in transmission electron microscopy and we make use of

it in Section 5.2. It operates by collecting the unscattered and low-angle elast-

ically scattered electrons that pass through the specimen. The resulting image

is formed based on electron transmission, where variations in sample thickness,

density, and atomic composition create contrast. Thicker or denser regions absorb

or scatter more electrons, appearing darker, while thinner or less dense regions

transmit more electrons, appearing brighter.

The fundamental contrast mechanism in this mode is mass-thickness contrast,

where heavier elements and thicker regions attenuate more electrons, leading to

greater image contrast. Another key factor is diffraction contrast, particularly

in crystalline materials, where differences in lattice orientation cause variations in

electron scattering, affecting the image intensity. This makes BF-TEM particularly

effective for analysing grain boundaries, defects, and dislocations in materials.

To optimise imaging, BF-TEM typically uses an objective aperture to block

high-angle scattered electrons, enhancing contrast while reducing background noise.

The quality of the image depends on parameters such as accelerating voltage, focus,

and sample thickness. High-voltage TEM (above 200 kV) allows for imaging thicker

samples but may reduce contrast due to increased electron penetration.
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3.2.2 Energy Dispersive X-ray Spectroscopy

Energy-Dispersive X-ray Spectroscopy (EDS) [115] is an analytical technique com-

monly integrated with TEM to provide elemental composition analysis of a speci-

men as described in Section 5.2. It operates by detecting characteristic X-rays

emitted from a sample when it is bombarded with high-energy electrons as shown

in Appendix A. These X-rays have element-specific energy levels, allowing for

qualitative and quantitative elemental identification.

The technique can be applied in two modes: point analysis, where the beam

is focused on a small region to determine its composition, and elemental mapping,

which generates a spatial distribution of elements across the sample. Although EDS

is highly effective for elemental analysis, it has limitations, such as low sensitivity

to light elements (Z < 10) and the need for thin samples to avoid X-ray absorption.

Additionally, spatial resolution is limited by the interaction volume of electrons in

the sample. However, when combined with STEM, EDS can achieve nanoscale

spatial resolution, making it a powerful tool for analysis in TEM.

3.2.3 Selected Area Electron Diffraction

Selected Area Electron Diffraction (SAED) [116] is a technique used to analyse

the crystalline structure, phase identification, and orientation of materials at the

nanoscale as seen in Section 5.2. It is based on the wave-particle duality of elec-

trons, where a highly energetic electron beam interacts with a crystalline specimen,

producing a diffraction pattern that reveals the material’s structural properties.

In SAED, a parallel electron beam is directed at a specific region of the sample,

typically selected using a selected area aperture in the image plane of the objective

lens. This aperture isolates a defined area, ensuring that the resulting diffraction

pattern originates from a single phase or grain. When the electrons pass through

the periodic atomic lattice of a crystalline material, they undergo elastic scattering

and interfere constructively at Bragg’s angle, forming a distinct diffraction pattern
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of bright spots. These spots correspond to reciprocal lattice points, providing direct

information about the sample’s lattice planes.

SAED is widely used in materials science, nanotechnology, and metallurgy

to determine crystal structure, lattice spacing, and grain orientation. It is also

valuable for detecting defects such as twinning, stacking faults, and phase trans-

formations. Additionally, polycrystalline or amorphous materials produce diffuse

rings rather than discrete spots making it efficient at determining sample crys-

tallinity. However, SAED has limitations, including low spatial resolution due to

the relatively large selected area (typically 200–1000 nm), making it unsuitable for

very fine structural analysis.

Crystallographic confirmation via SAED ensures that no significant lattice

distortion alters the effective mass values of electrons and holes assumed in Equa-

tion 2.2 and Equation 2.3. Likewise, elemental analysis via EDS validates the

absence of dopants or contaminants, which would otherwise affect free carrier con-

centration in all recombination and transport models discussed in Chapter 2.

3.2.4 Scanning Transmission Electron Microscopy

Scanning Transmission Electron Microscopy (STEM) [117] is an advanced ima-

ging mode that combines high-resolution imaging with EDS, as performed in Sec-

tion 5.2. Unlike conventional TEM, which uses a broad, parallel electron beam,

STEM employs a highly focused, nanometre-scale electron probe that is raster-

scanned across the specimen, collecting signals at each point to form an image.

The core advantage of STEM lies in its flexibility in contrast mechanisms. By

using different detectors, multiple imaging modes can be achieved. In this work we

use Bright-Field STEM which records unscattered or low-angle scattered electrons,

generating contrast similar to conventional BF-TEM. When combined with EDS,

STEM enables spatially resolved elemental analysis of samples.

Despite its advantages, STEM has limitations, including higher electron dose
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requirements, which can cause beam damage in sensitive materials. Additionally,

achieving atomic resolution requires careful aberration correction and high stability

in the electron column. Nevertheless, STEM remains one of the most powerful tools

in modern electron microscopy, offering unparalleled insights into the structure and

composition of materials at the atomic scale.

3.3 Optical Systems

In order to achieve spatial modulation of the THz wave via photoexcited silicon,

several laser sources were employed, each selected for its specific optical character-

istics and experimental utility. The choice of wavelength impacts the absorption

depth in silicon and therefore the spatial profile of carrier generation, which dir-

ectly influences the modulation depth. Lasers were selected to allow coverage of a

broad spectral range (405–920 nm) in order to investigate wavelength-dependent

effects on excitation efficiency. Additionally, systems were chosen based on their

compatibility with the DMD projection optics, power stability, beam collimation,

and temporal modulation capabilities.

Specifically, the optical systems in this work can be split into three distinct sec-

tions where the lasers employed accommodate different experimental requirements:

high-power continuous-wave diode lasers at 405, 450, and 637 nm for silicon photo-

excitation studies in Chapter 5, a Ti:Sapphire laser for higher wavelength silicon

photoexcitation also in Chapter 5, and a NKTEvo SuperK super continuum laser

for characterisation in Chapter 4.

The diode lasers provide stable and high-intensity continuous-wave illumina-

tion with power outputs up to 1.6 W, requiring a custom thermoelectrically cooled

mounting system to maintain operational stability. The Ti:Sapphire laser, featur-

ing a bowtie cavity, enables tunable photoexcitation from 650 to 1100 nm. The

NKTEvo SuperK supercontinuum laser extends spectral capabilities even further,
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generating a broadband output spanning from 400 to 2400 nm via non-linear in-

teractions in photonic crystal fibers.

Each laser system is integrated with optical components such as collimation

optics, fiber coupling interfaces, and acousto-optic tunable filters to ensure con-

trolled beam delivery and wavelength selection. Together, these systems provide

the necessary flexibility and precision required for optical characterisation experi-

ments.

3.3.1 405, 450, and 637 nm Lasers

These diode lasers were chosen for their fixed and stable wavelengths, each within a

region of the spectrum where silicon exhibits strong absorption. The 405 nm laser,

in particular, has a short absorption length, enabling shallow and high-density

excitation, making it well-suited for fine-resolution patterning. The 450 and 637 nm

lasers were employed to probe modulation depth dependence on longer penetration

depths and to validate the modelling predictions for wavelength-selective excitation.

To implement these photoexcitation conditions in the experiments described

in Section 5.4, a variety of high-powered continuous wave laser diodes were used,

specifically the L405G1 diode (405 nm), the L450P1600MM diode (450 nm), and

the L637G1 diode (637 nm). These diodes produced 1 W, 1.6 W, and 1.2 W

of power respectively. To achieve this, a custom-built cooling mount had to be

developed, designed for compatibility with all three diode models while ensuring

adequate collimation capability.

Constructed from aluminium, this mount provided efficient heat dissipation

and structural integrity. It was actively cooled using a TECF2S thermoelectric

cooler, ensuring precise thermal control and stable diode operation. Two graphene

Kryosheets [118] were integrated between the TECF2S, aluminium mount, and

brace to enhance thermal conductivity, significantly improving heat transfer effi-

ciency and maintaining consistent diode performance under prolonged high-power

48



3.3.2. Ti:Sapphire Laser

operation. A key advantage of the Kryosheet over traditional thermal paste is its

longevity. Unlike paste, which dries out and requires periodic replacement, the

Kryosheet remains stable over time. This eliminates the need for routine disas-

sembly to reapply thermal paste, avoiding the subsequent realignment of the laser

system. Additional information can be found in Appendix C.

To ensure accurate beam delivery and optimal excitation conditions, the mount

was engineered to be compatible with the LTN330-A adjustable collimation tube,

enabling precise focusing and alignment of the laser beams onto the silicon sample.

The diode current was supplied via an SR9HF-DB9 cable which was compatible

with all three chosen diodes due to matching G pin configurations. The ’HF’ model

cable was used to supply the higher 7.5 V output required for the high power diodes.

It should be noted that the S8060-4 socket that comes with the cable is not a perfect

fit for the 5.6 mm diodes we use but it is functional. The LDC220C current driver

was used to supply power to the diodes due to its 2 A maximum current output

which matches the requirements for all three diodes.

The chosen wavelengths (405 - 637 nm) correspond to photon energies signi-

ficantly above silicon’s 1.12 eV band gap (Section 2.2.1), ensuring efficient carrier

generation through direct interband transitions. These wavelengths result in depth-

dependent carrier profiles governed by Beer–Lambert absorption, as modelled in

Equation 2.5. These optical penetration depths and resulting carrier distributions

directly inform the simulations shown previously in Figure 2.5, where excitation

intensity and carrier density determine the refractive index profile relevant for THz

interaction.

3.3.2 Ti:Sapphire Laser

The Ti:Sapphire laser was selected for its tunability and high peak power when

mode-locked. It allowed excitation at 780 nm to 920 nm, which lies near the

edge of efficient absorption for silicon. This laser was used primarily for assessing
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long-wavelength excitation limits especially near the bandgap limit of silicon for

comparison of experiment to theoretical expectations.

The Ti:Sapphire (titanium-doped sapphire) laser was developed in the early

1980s by Peter Moulton at MIT’s Lincoln Laboratory, marking a transformative ad-

vancement in ultrafast optics and spectroscopy [119]. The laser utilises a titanium-

doped sapphire crystal, notable for its exceptionally broad tunability range from

approximately 650 to 1100 nm. This feature, combined with its efficient operational

characteristics, has cemented its role as a crucial instrument in numerous fields,

including ultrafast spectroscopy, microscopy, and super continuum generation, as

used in Section 5.4.

However, despite their broad adoption, Ti:Sapphire lasers present certain op-

erational challenges and limitations. They require intense optical pumping, typic-

ally achieved via frequency-doubled neodymium-doped yttrium aluminium garnet

lasers or diode-pumped solid-state lasers. This requirement adds complexity, in-

creases system costs, and necessitates precise cavity alignment, demanding special-

ised training and frequent maintenance. Thermal lensing within the gain medium

is another critical challenge, as it adversely affects beam quality, pulse stability,

and overall laser performance. Furthermore, the relatively large physical footprint

and higher operational costs restrict the use of Ti:Sapphire lasers primarily to spe-

cialised research laboratories. For additional information on the internal operating

principles of the Ti:Sapphire system used in this work, refer to Appendix B.

Figure 3.2 shows a range of recorded power outputs from the Ti:Sapphire

laser across a range of operating wavelengths. The power outputs correspond to

the internal system settings for the pump laser of the Ti:Sapphire. With an in-

creasing pump laser power there is a corresponding increasing output power across

all operating wavelengths with some occasional variations towards the higher op-

erating wavelengths. These power outputs and variations will be discussed later in

Chapter 5.
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Figure 3.2: Experimentally attained power readings from the Ti:Sapphire laser
as it scans across a range of emission wavelengths from 780 to 980 nm.

3.3.3 NKTEvo SuperK Laser

The SuperK Supercontinuum source was employed to provide a flexible and broad-

band source for characterising the performance and capabilities of the chosen DMD

component. This source is capable of scanning across the visible and near-infrared

range enabling the exploration of spectral regimes beyond the fixed diode lasers

mentioned previously.

The NKTEvo SuperK Super continuum laser is a versatile broadband light

source spanning wavelengths from 400 nm to 2400 nm [120]. This makes it suitable

for applications in spectroscopy, microscopy, and various photonic experiments such

as testing the illumination characteristics of a Digital Micromirror Device (DMD)

as we perform in Section 4.4. It operates with configurable output power levels

ranging from 100 mW up to 10 W, and repetition rates between 20 MHz and

320 MHz, allowing for tailored performance to specific experimental needs. For

additional information on the internal operation of the NKTEvo SuperK laser and

its surrounding components, refer to Appendix B.

Figure 3.3 depicts the emission spectra of the NKTEvo SuperK laser during

an emission run between 400 and 650 nm. Multiple of such runs were completed to
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Figure 3.3: Experimentally attained power readings from the NKTEvo SuperK
laser as it scans across a range of emission wavelengths from 400 to 650 nm.

produce the error bars present in the figure. While the NKTEvo laser is capable

of up to 10 W of power in total, at any one specific frequency the power output is

much lower. This enables the DMD surface coatings to adequately cope with the

power levels presented during tests described in Chapter 4.

3.4 Terahertz Systems

In this work, two complementary THz systems were employed: the Terascan system

for high-resolution spectroscopic analysis (Chapter 5) and a Rydberg atom-based

THz imager for spatial mapping of THz fields (Chapter 6).

The Terascan system utilises a photomixing technique, in which two frequency

stabilised diode lasers generate a tunable continuous wave THz signal. This het-

erodyne system achieves sub-megahertz level spectral resolution and allows precise

phase-sensitive detection of THz interactions with silicon-based samples. Digital

signal processing is used to extract the envelope function of the detected interme-

diate frequency signal, enabling accurate spectral reconstruction.

For spatially resolved THz field detection, a high-resolution THz imager based
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on Rydberg atoms in a quartz vapour cell was used. Caesium atoms were excited

to highly sensitive Rydberg states via a three-step laser excitation process. Incid-

ent THz fields induced transitions between Rydberg states, modifying the atomic

absorption profile and altering the fluorescence intensity of the vapour. An Andor

camera captured these fluorescence variations, providing high-resolution THz field

imaging. These combined approaches enabled both spectroscopic and spatial ana-

lysis of modulated THz fields, crucial for evaluating the design parameters in the

modulator.

3.4.1 Terascan System

The schematic for the Toptica Terascan 1550 system is shown in Figure 3.4

containing a high-precision THz spectroscopy platform based on a photomixing

scheme, enabling continuous-wave THz generation and detection with high spec-

tral resolution [121]. These features make it a valuable tool for examining silicon’s

spectroscopic characteristics as described in Section 5.3. It operates by using two

frequency-stabilised distributed feedback diode lasers, each emitting at slightly dif-

ferent wavelengths around 1550 nm. These laser beams are combined and coupled

into a photomixer, where their interference produces an optical beat frequency

corresponding to the difference between the two laser frequencies. An AC bias

modulates the photocurrent before passing it to a photoconductive antenna emit-

ter.

The system employs a heterodyne detection scheme [122], where a second pho-

toconductive antenna, identical to the emitter, is used as the detector. The gen-

erated THz wave interacts with the sample before being directed to the detector,

where it mixes with the local oscillator signal, which is a fraction of the original

optical beat frequency. This mixing process produces an intermediate frequency

signal, which carries amplitude and phase information about the THz wave after

interaction with the sample. The intermediate signal is typically in the megahertz

range and is extracted using a lock-in amplifier, which significantly improves the
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Figure 3.4: A schematic of the Toptica Terascan 1550 system. Two Distributed
Feedback lasers (DFBs) with slightly different wavelengths around 1550 nm are
coupled into an optical fiber coupler for photomixing. The difference between
the two DFB signals is outputted to two Photoconductive Antennas (PCAs), one
which acts as an emitter and one as a receiver in a hetrodyne scheme. The AC bias
modulates the photocurrent at a fixed frequency (39.67 kHz). The lock-in amplifier
then extracts the modulated signal by synchronising with this frequency, filtering
out noise and enhancing sensitivity.

signal-to-noise ratio by selectively amplifying the modulated signal while suppress-

ing noise.

To accurately retrieve the THz signal, the envelope function [122] of the de-

tected intermediate frequency signal must be extracted. The envelope function

represents the slowly varying amplitude of the intermediate signal, which is crucial

for demodulating and extracting the underlying THz spectral features. The system

software uses digital signal processing techniques to analyse this envelope, enabling

precise reconstruction of the amplitude and phase response of the sample across

the scanned frequency range. By carefully controlling the laser frequency difference

and stabilising the optical path, the system achieves sub-megahertz-level spectral
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resolution.

The scan range from 100 GHz to 1.2 THz overlaps with the predicted plasma

frequency transitions for optically excited silicon as derived in Equation 2.3. This

allows experimental testing of the dielectric switching behaviour across the modu-

lated reflective–transparent boundary shown previously in Figure 2.9.

3.4.2 Terahertz Imager

In Section 6.2, we evaluate the capabilities of the designed THz modulator using

a high-resolution THz imaging system [123]. This system enables accurate spatial

mapping of THz fields with diffraction limited resolution through a combination of

frequency-stabilised laser sources, tunable THz generation, and controlled attenu-

ation.

The imager operates via a laser-based excitation scheme that prepares Rydberg

atoms in an atomic quartz vapour cell. The atomic system utilises caesium (133Cs),

a stable isotope, contained within a quartz vapour cell that provides optimal optical

access for laser excitation. The excitation scheme, depicted in Figure 3.5 a),

consists of a three-step laser process: a probe laser (Toptica DL100) at 852 nm

excites atoms from the 6S1/2 to 6P3/2 state. A coupling laser (Toptica DLPro)

at 1470 nm then transfers the atomic population to the 7S1/2 state, followed by

excitation from a Rydberg laser (MOGLabs cateye diode) at 843 nm, which brings

the vapour into a highly sensitive 14P3/2 Rydberg state. Additionally, the vapour is

heated to 60°C as standard to further enhance sensitivity by increasing the atomic

number density, thereby improving the interaction strength between the vapour

and incident THz radiation. The full system schematic in Figure 3.5 b) shows

the probe, coupling, and Rydberg lasers all overlap inside the vapour cell which is

positioned in a heating stage ready to be probed with the THz field.

The THz source employed in this system is a narrowband, continuous-wave

field generated by an amplifier multiplier chain (AMC 702, Virginia Diodes Inc.),
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Figure 3.5: a) A diagram of the changing energy structure within the heated
Caesium vapour cell when exposed to the probe, coupling, Rydberg and THz lasers.
b) The THz imager schematic containing the probe (852 nm), coupling (1470 nm),
Rydberg (843 nm), and THz (550 µm) lasers. The vapour cell is positioned in a
heating stage with fluorescence (540 nm) directed towards an Andor iXon camera.

seeded by an HP8672A microwave signal generator. The amplifier multiplier chain

utilises GaAs Schottky diodes for frequency multiplication while suppressing un-

wanted harmonic components. This configuration produces a high-power source

with a maximum output of 4 mW, operating within a narrow tuning range (540 GHz

to 560 GHz) and employing a multiplication factor of 36, optimised for imaging

applications. Attenuation of the THz beam is finely controlled using a digital

voltage-controlled user attenuator integrated into the THz source, enabling precise

adjustments of the incident field strength.

During typical operation without THz radiation, the vapour exhibits a variety

of wavelengths depending on the probabilistic decay path of the excited Rydberg

atom from the 14P3/2 state back to the 6P3/2 state and then a final decay to the

ground state (6S1/2). When a THz field is applied, it induces transitions between
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adjacent Rydberg states (from the 14P3/2 state to the 13D5/2), altering the energy

structure of the vapour. This disruption leads to a cascade decay usually along a

535 nm pathway, which is the typical fluorescence picked up by the optical Andor

camera. More details on the atomic theory underlying this process are presented

in Section 6.1.

The net effect of this phenomenon is that the vapour spatially encodes the

location of incident THz radiation based on variations in fluorescence intensity.

This fluorescence is then captured by an Andor iXon Ultra 888 EMCCD camera,

which has a 1024 × 1024 pixel resolution, allowing for high-resolution imaging

of the designed THz modulator’s field distribution and imaging characteristics.

It should be noted, image contrast is ultimately modulated by the permittivity

gradient generated across the silicon surface, as determined by Equation 2.4.

The experimental setup thus probes the spatial extent of the permittivity gradient,

governed by excitation geometry and diffusion length (see Equation 2.17).

3.5 Modulator Design

The methods and techniques discussed lay foundations to characterise both the

DMD (Chapter 4) and silicon (Chapter 5) components. These components are

then used in coordination with the optical systems (Section 3.3) and THz systems

(Section 3.4) to form the modulator we are designing.

As discussed in Section 1.2.2, the modulator is formed by taking a photoex-

citation source, which will be chosen from the detailed optical systems, then using

that excitation source we illuminate the DMD. This allows us to spatially mask

the excitation locations as the light is reflected onto the designated silicon surface.

This excited surface is then probed with the chosen THz system depending on the

required information, either spectroscopic or spatial in nature.

Several varieties of modulator design were prototyped in the course of this

study, however the general principles discussed in Chapter 2 remained resolute.
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The general design followed a schematic shown in Figure 3.6 where there are three

main components, the excitation diode, the DMD spatial masking device, and the

silicon interface.
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Figure 3.6: A 3D model of the entire spatial THz modulator design consisting
of the custom breadboard to mount all components, the custom DMD mount and
Vialux V7000 DMD, a pair of expansion lenses, a pair of cylindrical lenses, a DMD
pre-mask, a testing mount for the diode, and the silicon mount containing the
silicon wafer.

The DMD characterisation is discussed in depth in Chapter 4 however some

additional detailing will be discussed shortly. Similarly, the silicon interface which

is arguably core of the modulator is discussed in depth in Chapter 5.

The excitation system consists of a pair of cylindrical lenses used to manip-

ulate the elliptical beam produced by the diodes held within the thermal cooling

mount. The manipulation varies depending on the diode in question, thus a vari-

ety of cylindrical lenses are used to achieve beam circularities between 85 and 92%.

These beam circularities were measured experimentally with typical knife-edging

techniques to confirm the theoretical design was performing as anticipated.

Once a circular beam was achieved, it has to be expanded to effectively fill the

DMD array. This is achieved with a corresponding pair of expansion lenses used

in a Galilean scheme. This scheme was used to ensure the high power radiation
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does not cause the air to arc when the modulator is in operation at high optical

excitation intensities. A variety of expansion lenses were chosen in correspondence

with the variety of cylindrical lenses in use. Again, typical knife-edging techniques

were used to ensure the theoretical expectations of the beam expansion were being

achieved.

Finally, now that the beam is circular and expanded up to the dimensions of

the DMD array, a precaution is placed into the system. This precaution is the DMD

pre-masking which is an optical mask designed to exactly match the dimensions of

the active DMD array. This ensures that light from the excitation source is only

incident upon the active array and not the surrounding area. This precaution is

taken due to the known limits of the DMD whereby there is an upper thermal

limit under which the DMD operation is nominal. Any heating to the non-active

surrounding section of the array will lead to additional heating of the device and

could potentially lead to unpredictable behaviour over time.

Now the excitation section of the design is completed effectively, ensuring con-

sistent and reliable optical radiation production onto the active DMD array surface.

The DMD is then positioned perpendicular to the incident light such that the ’on’

state of the mirrors leads to the high intensity radiation being directed towards the

silicon mount. Notably, no imaging optics, such as a lens or re-imaging relay, are

employed between the DMD and the wafer. Instead, the system relies on free-space

propagation, whereby the patterned light reflected from the DMD is incident dir-

ectly onto the wafer. This architecture was chosen for experimental simplicity and

due to space constraints within the pre-existing imaging setup. However, it car-

ries important consequences for image fidelity and system performance that merit

detailed discussion.

In a conventional imaging system, relay optics are used to form a one-to-one

image of the DMD mask at the desired target plane, preserving spatial features

and minimising blurring or distortion. In the absence of such optics, the projected

DMD pattern undergoes free-space diffraction, which inevitably causes high spatial
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frequencies (i.e. fine features) to spread and blur before reaching the silicon. This

prevents the formation of a sharply defined optical image on the wafer, particularly

for patterns involving abrupt transitions or closely spaced elements. Given that

the DMD mirrors are spaced at approximately 13.7 µm and the working distances

are on the order of several centimetres, diffraction effects become highly significant,

imposing a natural resolution limit independent of the modulator’s semiconductor

response.

Additional distortion arises from the angular geometry of the DMD itself.

The micromirrors are operated with a mechanical tilt of ±12°, such that the ‘on’

state directs light orthogonally out of the DMD plane. However, in a free-space

configuration without correction optics, this angle introduces projection errors due

to the fact that different parts of the DMD surface lie at different effective distances

from the wafer. This angular mismatch leads to a form of optical skewing that can

be partially mitigated by satisfying the Scheimpflug condition, where the DMD

plane, wafer plane, and imaging axis intersect at a common line. In the current

system, this condition is not strictly enforced, and as a result, slight keystone

distortion and focus gradients are present across the illumination field.

These optical effects are further complicated by the challenge of alignment. To

a naïve observer, the task may appear to be a simple matter of projecting a pattern

onto a surface. In practice, however, aligning the divergent beam from the DMD

so that its spatial structure uniformly illuminates the correct region of the silicon

wafer, while maintaining optical contrast and power efficiency, proves non-trivial.

Minor deviations in angle or translation of the DMD result in substantial shifts at

the wafer plane due to the long propagation distance. Furthermore, the alignment

must be optimised across three axes simultaneously (x, y, and z), with angular tilt

(pitch/yaw) contributing to additional asymmetries in pattern shape and intensity.

Finally, it is important to emphasise that the spatial limitations observed in

the THz modulation results, such as reduced resolution or contrast at high spatial

frequencies, cannot be attributed solely to semiconductor physics. Carrier diffusion,
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lifetime, and surface recombination undoubtedly play a role, but the absence of a

well-corrected optical imaging system introduces its own limitations that must be

considered alongside material effects. In future implementations, the use of an

imaging lens or a 1:1 relay system could offer a sharper and more controllable

excitation pattern, thereby improving the overall modulation fidelity and reducing

the burden on post-hoc theoretical explanation.

In summary, while the modulator is only composed of three components (source,

mask, and semiconducting wafer), the resulting underlying interactions and engin-

eering challenges render the system far more intricate than its apparent simplicity

suggests. The precise coordination required between the optical excitation, the

reflective spatial masking by the DMD, and the subsequent THz probing of the

excited silicon surface demands an in-depth understanding of semiconductor prop-

erties and electromagnetic theory across multiple regions of the spectrum.

The interplay of these factors, coupled with the vast array of potential setup

parameters—such as the excitation intensity and wavelength, THz probing angles

and frequencies, the pixel configuration and switching speed of the DMD, the

dopant concentration, presence of defects, and carrier lifetime in the silicon—leads

to complex, non-linear effects that are highly sensitive to even minor variations.

These variations can give rise to phenomena such as interference patterns, transi-

ent carrier dynamics, and modulation depth inhomogeneities, all of which require

rigorous calibration and control. Furthermore, the integration of these disparate

subsystems introduces challenges in terms of thermal management and component

synchronisation, making the overall system a fertile ground for both theoretical

exploration and practical innovation.

3.6 Limitations and Calibrations

The design and integration of the THz spatial modulator system, while highly flex-

ible and functionally robust, is not without sources of experimental uncertainty
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and systematic limitations. To ensure the accuracy, repeatability, and interpretab-

ility of the results discussed in later chapters, a number of calibration procedures

and error mitigation strategies were implemented throughout the experimental pro-

cess. This section outlines the principal sources of uncertainty, the corrective steps

undertaken, and the inherent constraints of the current setup.

3.6.1 Systematic Sources of Error

High-power excitation, particularly from the 405 nm and SuperK laser sources,

induced localised heating on the wafer surface. This heating effect will have altered

the local carrier mobility as noted previously in Figure 2.2. To mitigate this,

excitation was delivered in controlled bursts of no more than 2 minutes with resting

periods to allow thermal relaxation, and temperature stability was monitored using

a SEFRAM 9833 thermal imaging camera. The thermal camera was also used to

monitor the stability of the diode within its custom built cooling mount to ensure

regular performance within its limitations; an example of such monitoring can be

seen in Figure 3.7.

b)a)

Figure 3.7: a) A thermal image of the custom laser mount during typical opera-
tion. b) The corresponding visible image of the mount during normal operation.

The mount shows a maximum temperature of 50.2◦C located in the lower plate

section, while the upper plate has the minimum recorded temperature of 18.7◦C.
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This shows the custom mount is working well within its designed limits, actively

cooling the section of the mount holding the diode, while not excessively heating

the dissipative region. Further details of this mount can be found in Appendix C.

The spatial modulation system relies on precise overlap between the projected

optical excitation pattern and the silicon wafer surface. Small angular or trans-

lational misalignments can significantly affect carrier density profiles and spatial

resolution. Alignment drift due to thermal expansion or stage movement was min-

imised using a fixed mechanical cage system, but residual misalignments were un-

avoidable over long durations. Regular rebuilding and alignment of the system

with alternative optical lasers, described in Section 3.3.1, helped with correcting

for these inevitable misalignments over time.

While high-resistivity float-zone silicon was chosen for its uniform electronic

behaviour, inhomogeneities in doping and surface flatness across the wafer contrib-

uted to spatial variation in modulation performance. Characterisation using EDS

and TEM (see Section 5.2) provided insight into these irregularities.

Synchronisation between the DMD projection sequence and the THz modu-

lation depth capture window for the Terascan system was affected by delays in

software triggering. While multiple runs were taken to enhance statistical accur-

acy, sub-millisecond discrepancies may have introduced minor inconsistencies in

the acquired frame rate analysis in Section 6.2.

3.6.2 Statistical Considerations and Calibration Procedures

To mitigate and quantify these sources of uncertainty, various calibration strategies

were routinely employed. All excitation sources were characterised and calibrated

using a Thorlabs power meter, PM100D with S121C sensor, prior to each meas-

urement session. Additionally, the Terascan photomixing system was benchmarked

against the known water absorption spectrum to confirm frequency accuracy. Each

spatial pattern projected by the DMD was first confirmed using a CMOS camera

63



3.7. Conclusion

placed at the silicon sample plane. This ensured that the intended modulation mask

was spatially aligned and undistorted before data acquisition as well as enabling

confirmation of the projected mask dimensions prior to attempted THz modulation.

Wherever feasible, data was collected across multiple experimental runs, typ-

ically 5, to validate repeatability. While environmental conditions (laboratory

temperature, humidity, minor alignment differences) introduced slight variations

between runs, key performance indicators such as modulation depth, frame rate,

and spatial resolution were monitored for retained consistency where anticipated.

Where averages or statistical distributions are presented in subsequent chapters,

they reflect these multi-session acquisitions unless otherwise stated.

3.7 Conclusion

This chapter has detailed the experimental methodologies and procedures integral

to this thesis. Advanced techniques, including FIB-assisted TEM sample prepara-

tion, have been rigorously described alongside a suite of electron microscopy modes

such as BF-TEM, STEM, SAED, and EDS. Furthermore, the integration of soph-

isticated optical systems – from diode and Ti:Sapphire lasers to the NKTEvo super

continuum laser – and THz imaging systems have been comprehensively outlined.

These combined methods ensure precise sample analysis and reliable data acquis-

ition. The subsequent chapter will critically examine the DMD characterisation,

building upon these foundations laid here.
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Chapter 4

Digital Micromirror Device

Characterisation

In this chapter we aim to characterise the V7000 Vialux Digital Micromirror

Device (DMD) in terms of resolution, frame rate, and power efficiency. This is

done in multiple stages with resolution being captured by a DCC1545M ThorLabs

camera, frame rate captured by a high speed Phantom VEO 610L camera, and

power efficiency being captured by a PM100D Power-meter with S121C sensor.

Characterisation of resolution and frame rate are performed by analysing intensity

distributions produced by the DMD masks, while power efficiency is characterised

by scanning a range of wavelengths onto the DMD and measuring reflected power.

This enables us to determine the limits and capabilities of the DMD and there-

fore decide its suitability as the visible light modulator within the THz modulator

design tested in Chapter 6.

4.1 Introduction

The DMD was invented in 1985 by Texas Instruments and developed for worldwide

distribution by 1987 [124]. Since then, the initial design has been evolved into many

different variations for numerous applications. Examples of such applications are
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cinemas and office projectors [125]. The DMD utilises millions of micron-sized

mirrors whose tilt can be individually controlled resulting in the ability to spatially

modulate incident illumination on the DMD array. These capabilities make the

technology crucial to scientific research in areas such as lithography, and medical

imaging [126]. These research areas depend on the ability to precisely manipulate

light spatially and dynamically which the DMD offers. Subsequently, it makes the

DMD a prime component in designing a spatial THz modulator [84].

However, as with any technology, there are limitations to the DMD’s capabilit-

ies. These include (but not limited to) notable characteristics such as: wavelengths

the mirrors are able to effectively reflect, the overall dimensions of the array com-

prised of said mirrors, the maximum illumination power the device can handle,

and the rate at which the mirror state can be altered. These characteristics greatly

impact the device’s utilisation in the THz modulator design. Specifically, the THz

modulator requires high power illumination onto a semi-conductor wafer, discussed

in Chapter 5, to effectively modulate the THz radiation, meaning the DMD must

be able to handle equally high illumination. Additionally, due to limitations in

laser diode wavelength choice able to excite the silicon wafer, it also means the

DMD must be able to handle an appropriate wavelength. The array dimensions

impact the size of semi-conductor able to be modulated, and consequently the mir-

ror dimensions making up said array impact the resolution of the mask being cast

onto the semi-conductor. Finally, the flip rate of the mirrors in the DMD limit the

modulation rate of the THz modulator in Chapter 6.

Given the crucial nature of the DMD in a variety of other scientific areas

of research, there has already been a lot of evolution of the DMD design and

capabilities over the years. Alterations to its refresh rates, illumination wavelengths

that can be effectively reflected, and overall array dimensions are among the range

of attributes that have been evolved. Therefore, there is a decent abundance of

choice when it comes to selecting an appropriate DMD to match the aforementioned

requirements. Below in Table 4.1 is the list of potential DMD options considered
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for the role of spatial modulator within the THz modulator. The chosen DMD

was the DLP7000 also known as the V7000 Vialux, picked due to its wide range of

wavelengths, decently high thermal limit, and a reasonable resolution.

Product Name Wavelength (nm) Resolution (mirrors) Limit (W/cm2)
DLP7000 400 - 700 1024 x 768 < 11
DLP9000 400 - 700 1920 x 1080 < 11
DLP3010LC 420 - 700 1280 x 720 < 26.1
DLP300S 400 - 550 1280 x 720 < 3

Table 4.1: A list of four potential DMDs considered for use within the THz
modulator in this work displaying their product name, operating wavelength range,
micromirror array size (which corresponds to its resolution), and the upper thermal
limit the DMD can handle.

To contextualise the performance of the DMD system, it is important to con-

sider the various spatial scales relevant to THz modulation. The micromirror array

of the DMD contains 1024×768 mirrors as seen in Table 4.1, each approximately

13.7 µm in size, leading to optical projection patterns with sub-wavelength features.

The THz radiation used in the imager for this thesis has a wavelength of approx-

imately 545 µm at 550 GHz, which is more than 30 times larger than the DMD

pixel pitch. Consequently, each projected optical pixel is significantly smaller than

the THz wavelength, meaning that the DMD resolution is not a limiting factor for

THz patterning. The size of the illuminated area on the photoexcited silicon wafer,

approximately 8 mm across, yields a projected mask comprising thousands of op-

tical pixels, each capable of exciting localised regions within the silicon. However,

the effective THz resolution is constrained by two independent effects: first, the

diffraction-limited resolution of the THz imaging system, and second, the carrier

diffusion length in the silicon, which is on the order of 10 µm. Both effects act

to smooth or blur the high-resolution optical pattern, limiting the fidelity of the

transferred mask at THz frequencies. This chapter therefore focuses on the char-

acterisation of the DMD system itself, while a full analysis of its impact on THz

modulation performance is presented in Chapter 6.

A rival to the DMD in terms of spatial modulation is the Liquid Crystal -
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Spatial Light Modulator (LC-SLM). There are a couple of technical advantages

that LC-SLMs have over the DMD [127]. These include the ability to modulate the

phase component of incident light. While in some cases this may be an important

feature, in our case of designing a modulator, it is less crucial. Additionally, the

LC-SLMs can be illuminated from any angle which can be beneficial from a meth-

odical standpoint, compared to DMDs which must be tilted to 45 degrees in plane

due to the tilt mechanism of the mirrors which themselves also have a specified

pitch angle when changing state. This limits illumination methods when using the

DMD and impacts the overall design of the optical system. However, it is not

expected to be detrimental to the effectiveness of the design. An advantage the

DMD’s have is the typically higher frame rate they can offer in comparison to their

counterpart.

4.2 Resolution

Whenever imaging is being performed, a vital aspect of the performance is the

clarity of the captured images. An impacting quality of this clarity is spatial

resolution whereby having better resolution leads to sharper images [128]. When

considering the design for a THz modulator, resolution is of paramount importance

given the purpose of modulating the THz is for that manipulated radiation to

eventually be captured and imaged. One method for quantifying the resolution

specifically for the DMD is to use double slit analysis. Not only is the DMD

capable of creating double slits, but the theoretical outputs of such a double slit

can be accurately simulated. Resulting in a direct comparison between experiment

and theory.

4.2.1 Double Slit Diffraction

While standard resolution characterisation techniques often use imaging of known

test targets or Fourier optical transfer analysis [129, 130], the method employed

68



4.2.1. Double Slit Diffraction

here adapts the classical double slit diffraction geometry to characterise the DMD’s

spatial modulation fidelity under conditions specific to this system. In particular,

the absence of a relay imaging system between the DMD and the silicon wafer,

and the requirement to assess projected pattern fidelity under divergent condi-

tions, made traditional resolution charts impractical. Instead, slit pairs of variable

spacing were used to project binary interference patterns onto a plane, enabling

frequency discrimination and effective system calibration. This methodology, al-

though developed in-house, offers a simple yet robust mechanism to extract system

modulation limits.

‘OFF’ 

State

‘ON’ 

State

‘OFF’ 

State

‘ON’ 

State

‘OFF’ 

State

a )

c )

Incident Beam

DMD array

Mirror State

Reflected Beam

Mirror Mask

Double Slit 

Diffraction

b )

DMD array

‘OFF’ 

State

‘OFF’ 

State

‘OFF’ 

State

‘ON’ 

State

‘ON’ 

State

Figure 4.1: a) Schematic of the DMD array depicting how the incident beam
is split into 2 reflections dependent on the state of the mirrors. b) Overview
of the DMD and detector setup where on-state reflected beams are collected by
the detector and off-state are terminated. c) Illustration of the double slit mask
from the mirrors corresponding to the DMD’s on-state reflections and the resulting
double slit diffraction pattern this forms.

The DMD manipulates incident light by individually tilting its millions of

micromirrors according to a preset mask. It tilts the mirrors into one of two states

commonly referred to as ‘off’ and ‘on’ states seen in Figure 4.1 a). This leads to

incident light being separated into two directions where the ‘on’ state corresponds

to the preset mask, and the ‘off’ state is the subtraction of this mask from the

incident beam as seen in Figure 4.1 b). This means if the mask were designed to

be two thin lines set to be on while the rest of the mask is off, then it would act

as a double slit in the ‘on’ state as the incident beam is only reflected in the ’on’

69



4.2.2. Diffraction Simulations

positions as depicted in Figure 4.1 c).

Various parameters can be set when using this method. The width of each

‘slit’ can be adjusted relative to the mirror dimensions where the smallest possible

slit would be a single mirror width. The slit gap (distance between slits) can be

altered also relative to mirror dimensions where the smallest gap is a single mirror

width as seen in Figure 4.2 a). By varying these two parameters, a variety of

double slit results can be collected from the DMD by imaging the corresponding

intensity distributions cast from the illuminated DMD as seen in Figure 4.2 b).

These experimental results can then be compared to the theoretical expectations

for validation and accuracy.

a) b)

DMD input mask Resulting double slit 

diffraction pattern

Figure 4.2: a) Image of a preset double slit mask with a slit width of 70 µm and
slit gap of 260 µm. b) The resulting diffraction pattern cast from the DMD with
the preset mask.

4.2.2 Diffraction Simulations

Simulations of double slit results often involve the application of mathematical

principles derived from wave theory, particularly in the context of quantum mech-

anics. The key equation used to simulate the interference pattern in a double slit

experiment is based on the principle of wave interference. This principle is en-

capsulated by the mathematical expression known as the double slit interference

formula, which gives the resulting intensity distribution due to the interference of
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waves.

The double slit interference formula is derived from the superposition principle,

which states that the total amplitude at a given point is the sum of the amplitudes

of individual waves. For a double slit experiment, where a wave passes through

two adjacent slits, the resulting interference pattern from the slits can be derived.

Constructive interference, dsin(θ) = mλ, where d is the distance between

slits, θ is the angle from the slit to the mth order, m is an integer (such that

m = 0, ±1, ±2...), and λ is the wavelength of the incident light. Now considering

two point sources which are polarised similarly and with the same amplitude E

we can define the expressions for their electric fields, E1(t) = Ecos(ωt + ϕ) and

E2(t) = Ecos(ωt), where ϕ is the phase difference between waves one and two

denoted by E1 and E2 respectively. By assuming superposition between these two

fields separated by a phase difference of ϕ, we attain an expression for Ep, the

electric field at the point of superposition, Ep = 2Ecos(ϕ/2).

Rewriting the expression for Ep in terms of intensity we arrive at the expression

Ip = 4Icos2(ϕ/2), (4.1)

where Ip is the intensity of the double slit interference, I is the maximum possible

intensity in the system, and the phase difference ϕ is defined as

ϕ = 2πd

λ
sin(θ). (4.2)

By utilising Equation 4.1 and Equation 4.2 we can now determine an intensity

for a double slit interference pattern and simulate that result for comparison to

experimental results for validation.

4.2.3 DMD Resolution Results

When comparing the experimental data to the simulation, a few steps need to be

brought into consideration. The DMD, by its very nature, needs to be tilted to 45◦
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for it to operate safely on an optical work bench. This in turn means any masks

sent to the DMD are also now tilted 45◦. For the masks to have slits composed

of mirrors in an orderly fashion, the mask is set with the slits occupying columns

of mirrors as seen in Figure 4.3 a). These columns are then rotated 45◦ by the

DMD before being captured by the camera. This method results in a tilted image,

but this can easily be tilted back during post-analysis.

a) b)

Vertical Mask Diagonal Mask

Figure 4.3: a) Image of a mask without pre-tilting (the chosen method) where
rotation is required during the analysis step. In the top left corner of the diagram is
the full mask showing the double slit in question. b) Image of a pre-tilted mask to
be placed onto the DMD. Similarly, the diagram also shows in the top left corner
the entire mask with double slits in question. The pre-tilting results in a diagonal
line built up of square pixels creating a non-uniform profile across the slit.

An opposing method is pre-tilting the mask going into the DMD as seen in

Figure 4.3 b). If the masks were pre-tilted, this would produce an image which

does not need rotating during analysis, however, the pre-tilting means the slits on

the mask are diagonal. This results in the slit having jagged instead of straight, neat

edges, producing a disorderly slit width much like a sawtooth edge with varying

slit width along its profile.

As shown previously in Figure 4.2, the intensity distribution produced is a

2D image. However, the analysis only requires a singular line profile across this

2D image. To improve the accuracy of the analysis, an averaging method was em-

ployed whereby the entire 2D image is averaged perpendicular to the required line

profile. This averaged array is then used as the line profile for analysis producing

72



4.2.3. DMD Resolution Results

very uniform results. This enables clear comparisons between experimental and

simulation results to determine the resolution of the DMD.
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Figure 4.4: Example comparison between experimental data for a slit width of
70 µm, and a slit separation of 260 µm for 450 nm, and a simulation of similar
parameters.

As stated earlier, the resolution of the DMD is equivalent to the dimensions of

a single mirror given that this is the smallest possible dimension that the DMD is

capable of using for modulating the incident light. From Figure 4.4 a comparison

between the anticipated diffraction patterns deduced from mirror dimensions and

the captured experimental data shows agreement in manufacturer specified mirror

dimensions and therefore resolution output of the DMD. The mirror pitch is stated

by Texas Instruments to be 13.7 µm, and reduced chi-squared fitting of the sim-

ulation suggests that the experimental results match a theoretical mirror size and

resolution capability of (12.9 ± 1.1) µm. The error here is determined by taking a

variety of possible slit widths and separation example simulations and comparing to

experimental results for each to attain a range of analysed mirror dimensions. The

highest and lowest values in this range are then used to determine the error margin,

and the average is the anticipated mirror dimension and therefore resolution.
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The residual plot between the experiment and simulation data shows slight

variation from left to right such that the simulation over estimates on the left and

under estimates on the right. This is likely due to a systematic error with an offset

of the incident Gaussian beam upon the DMD array causing the experimental

data to skew in intensity and not an issue with the DMD’s resolution capabilities.

Additionally, it should be noted that the overall resolution of the THz modulator, as

later characterised in Chapter 6, is fundamentally constrained by the wavelength

of the THz radiation and the diffusion dynamics of photogenerated carriers within

the silicon. Although the DMD features a high native resolution, with individual

pixel dimensions of approximately 13.7 µm, this scale is substantially smaller than

the free-space wavelength of the 550 GHz beam, which is approximately 545 µm.

Consequently, the spatial resolution of the modulator is not limited by the DMD

itself, but rather by the intrinsic diffraction limit of the THz radiation and the

carrier diffusion length in the photoexcited silicon. This ensures that the DMD

provides sufficient spatial definition for effective optical masking, without imposing

a bottleneck on the achievable modulation resolution.

4.3 Frame Rate

The idea of using multiple still images in succession to emulate a motion picture

dates back over a hundred years to the time of Eadweard Muybridge [131] and

Louis Aimé Augustin Le Prince [132]. The official inventor of the idea is widely

disputed, but its effectiveness is not. Since its creation, the concept has been

utilised in countless industries across the globe. Starting with only the capabilities

to emulate a motion picture at tens of frames per second, innovation has led to

productions of machines capable of tens of thousands of frames per second. One

such machine is the V7000 Vialux DMD used in this work which is specified to

have a frame rate capable of 22,000 Hz.
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4.3.1 Image Sampling Theory

When the DMD is updating its mask at its maximum refresh rate, to the human eye

it cannot even be perceived to be changing state. In fact, the majority of imaging

equipment will be unlikely to even notice an effect at such high speeds. To capture

the DMD a camera capable of extremely fast capturing is required. For the data

collection in this experiment a high speed Phantom VEO 610L camera is utilised.

Such a camera is capable of 20,840 fps at 640 x 480 enabling it to capture the

refresh rate of the DMD for characterisation up to approximately 10,000 fps due

to temporal aliasing according to the Nyquist-Shannon sampling theorem [133].

4.3.2 Frame Rate Analysis

To extract the frame rate of the collected high-speed images we first organise the

captured images chronologically. These images now represent consecutive frames

in the sequence of events that took place. The time step between these images

corresponds to the capture rate the Phantom camera was set to, the camera also

ensures a consistent temporal sampling rate. A chronological 1D signal is then

created by extracting intensity values of all pixels in each image and averaging

them independently. This results in a single 1D array of data where the values

represent image intensity, and the order of the data represents progression through

time.

Applying the Fast Fourier Transmform (FFT) to the 1D signals obtained from

the pixel intensities over time means the FFT evolves the signal from the time do-

main to the frequency domain, revealing the frequency components present in the

data. Then by examining the resulting frequency spectrum obtained from the FFT

it becomes possible to identify the dominant frequency component, which corres-

ponds to the frequency of repetitive patterns or changes in the image sequence. By

now taking into account the frame rate the camera is set to during capturing, this

dominant frequency or repetitive pattern represents the frame rate of the image
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sequence as the pattern corresponds to ’on’ and ’off’ images changing state (or

more technically, it corresponds to higher and lower average intensity data chan-

ging values over time). The reciprocal of this dominant frequency gives the frame

rate of the image sequence.
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Figure 4.5: A comparison of all measurements taken between 100 and 10,000 Hz
for actual verses measured frame rates for the DMD after performing FFT on the
captured image intensities.

The results in Figure 4.5 show a range of tests performed from 100 Hz up

to the aliasing limit of 10,000 Hz. For each example frame rate, the test was run

three times and results averaged to determine the final measured frame rate and

associated error. There was consistent agreement between the anticipated frame

rate and that which was measured across the entire range up to 10,000 Hz with a

typical error margin of less than 1.4% as seen from the residual plot. This suggests

that the DMD is capable of accurately delivering up to 10,000 fps as expected which

when compared to the THz imager to be used in Chapter 6 with a capture rate

of similar magnitude suggests the chosen DMD should be effective in this design.
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4.4 DMD Power Efficiency

Within the realm of scientific imaging, the quest for clarity and precision is un-

yielding. Power-efficient optical systems emerge as pivotal allies in this pursuit by

effectively minimising noise levels inherent in imaging processes. Particularly cru-

cial in fields such as astronomy [134], microscopy [135], and medical imaging [136],

where these systems optimise signal-to-noise ratios, fostering the capture of clearer

and more reliable images. By curbing noise interference, we can attain heightened

accuracy in data acquisition and analysis, thus advancing scientific inquiry with

greater confidence and precision.

In addition to improved resolution, the ability to discern subtle signals amidst

complex backgrounds is paramount. Power-efficient optical systems play a trans-

formative role in enhancing signal detection sensitivity, empowering detection of

fainter signals or nuanced changes in intensity [137]. This capability is especially

critical in fields like fluorescence microscopy [138], where the detection of weak

signals against a backdrop of noise presents a formidable challenge. Through the

optimisation of optical components, these systems bolster the capacity to glean

insights from intricate datasets, facilitating breakthroughs in scientific understand-

ing.

By harnessing specific lenses and components designed to improve power effi-

ciency in optical systems, the performance of the system can benefit in the afore-

mentioned ways. A key aspect is Anti-Reflection (AR) coating [139], typically used

on reflective surfaces such as lenses and mirrors. Coordinating the chosen illumin-

ating laser wavelength with the correct AR coating can greatly impact the power

efficiency of the system. In the case of the THz modulation system in question here,

an important component is the DMD which is a reflective surface and is coated with

AR coating. However, the nature of the micro-mirrors leads to blaze diffraction of

the incident laser source which is also wavelength dependent [140]. Therefore, not

only does AR coating need to be considered, but also the blaze diffraction effects
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of the DMD in order for the system to reach peak power efficiency.

4.4.1 Super Continuum Laser

To fully characterise the DMD’s power efficiency it needs to be tested across a

range of wavelengths. This means a single laser diode typically used in previous

characterisation tests producing only a single wavelength would not be adequate for

such testing. Instead, a Super Continuum Laser [141] such as the SuperK discussed

in Chapter 3 would be beneficial for scanning a range of wavelengths effectively.

The SuperK EVO EU-4 Laser along with the SuperK LLTF Contrast VIS HP8

is capable of scanning 400 – 1000 nm with a spectral bandwidth less than 2.5 nm.

This covers the operational wavelength range of the DMD at 400 – 700 nm. By

setting up the DMD and then scanning the wavelength range in steps of 10 nm and

capturing intensity distributions produced by the DMD, a good understanding

of the blaze-dependent diffraction efficiency can be determined [142]. For more

information on the SuperK laser refer to Appendix B.
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Figure 4.6: The SuperK laser setup with the DMD in two variations to compare
blaze diffraction from a) with coating effects from b). In a) the DMD is ’activated’
with mirrors tilted whilst in b) the DMD is ’deactivated’ and in float mode with
mirrors set to 0 degrees.

The optical arrangement used to evaluate the blaze diffraction efficiency of

the DMD is shown in Figure 4.6. In Figure 4.6 a) a broadband beam from the

NKT SuperK laser was collimated, expanded, and directed onto the DMD at a fixed

angle of incidence. The power output data was collected via a power meter placed
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4.4.1. Super Continuum Laser

at the first-order diffraction angle corresponding to the expected blaze maximum.

The beam block in this case is more of a safety feature as all light is expected to

head towards to the power meter via diffraction. A second configuration was also

used in Figure 4.6 b) where the DMD is deactivated and the mirrors return to

a float state at 0 degrees. In this float state the DMD acts like a typical mirror

but with grating diffraction effects but, crucially, without blaze diffraction effects

due to no tilting of the mirrors. These two DMD mirror configurations could then

be compared: an “activated” state in which all mirrors were tilted to +12°, thus

enabling angular blaze diffraction; and a “float” state, in which mirrors were held

at 0° to approximate a flat mirror configuration. This dual-mode comparison per-

mits direct measurement of blaze-induced diffraction efficiency relative to standard

reflection, highlighting the influence of angular tilt on system performance.

In Figure 4.7, both the activated and deactivated (float states) show meas-

urable optical power, which may initially seem counterintuitive. However, this

arises from the nature of broadband illumination and the angular acceptance of

the collection system. In the float mode, mirrors reflect specularly across the array

surface, and the measured signal corresponds to typical broadband reflection from

the DMD coating. In contrast, the activated state induces wavelength-dependent

diffraction governed by the blaze condition, causing selective enhancement at angles

satisfying constructive interference. Due to the finite bandwidth of the source and

imperfect angular filtering, some overlap in detected power between these two states

is expected.

This configuration does not imply poor contrast in projected images. Instead,

it demonstrates the relative efficiency of the DMD when used in typical blaze dif-

fraction conditions. In practical THz modulation operation, structured patterns

are projected using narrowband laser sources and additional angular filtering op-

tics, enhancing contrast by suppressing off-angle or broadband scatter. The image

contrast achieved in Chapter 6 confirms that, despite moderate overlap in this

comparison measurement, the DMD provides sufficient spatial modulation perform-
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ance when integrated into the full system.
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Figure 4.7: a) Depicts the average reflected laser power at a given wavelength
from the DMD when it is both deactivated (set to float mode) and activated (set
to entirely ’on’ mode). b) Depicts the normalised output by dividing the activated
data by the deactivated to remove intrinsic laser properties and normal diffraction
grating effects due to the use of micron-sized mirrors. This leaves just the effects
of blaze diffraction on the reflected power relative to incident wavelength.

The data in Figure 4.7 is acquired from the setup depicted in Figure 4.6

and it can be seen that the SuperK laser has effectively characterised the blaze

diffraction properties of the DMD. There is a rhythmic pattern presented in the

data, in which peaks correspond to blaze wavelengths where the maximum potential

laser power is concentrated into a central order, and troughs are the counter to this

where maximum potential laser power is divided among central orders. Therefore,

for this DMD, wavelengths such as 450 nm, 515 nm, and 590 nm all result in a

critical drop in DMD reflection efficiency due to these wavelengths residing in the

trough regions. Conversely, 430 nm, 480 nm, 550 nm, and 640 nm provide excellent

reflection efficiency for this particular DMD.

With these results in mind, the wavelength for the laser in the THz modulation

system can be chosen such that power efficiency is maximised while also complying
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with any other restraints set by the rest of the system. Restrains such as the

maximum power output of the chosen laser diode must be relatively high to create

the required excitation in the semiconductor element of the system [143]. A laser

diode such as the L637G1 (discussed in Chapter 3) provides 637 nm which falls

into the required efficiency peak from Figure 4.7. The diode also provides up to

1.3 W of power which fulfils the high power constraint of the system requirements

thus making it an ideal choice of diode in this modulator design at least in terms

of efficient reflection from the DMD.

4.4.2 Blaze Simulations

The term "blaze" in blaze diffraction refers to the strategic orientation of the mi-

cromirror surface, which optimises the diffraction efficiency for specific wavelengths

or spectral bands [144]. By carefully tuning the angle of the micromirror facets,

the diffraction efficiency can be maximised at desired wavelengths while minimising

unwanted scattering or dispersion effects.

The diffraction efficiency of a DMD therefore depends on several key factors,

including the angle of incidence, the wavelength of light, and the geometric para-

meters of the micromirror array. These parameters are looked at for reference in

Appendix C. By combining these parameters, a simulation of the anticipated

blaze diffraction can be created. From this simulation it would then be possible

to determine the diffraction efficiency of the DMD under different illumination

wavelengths and thus verify the most efficient wavelengths to be operating at.

Numerous studies and application notes have modelled DMD blaze conditions

using both scalar diffraction theory and rigorous coupled wave analysis [145, 146],

which confirm the angular and wavelength dependencies of peak efficiency. There-

fore the theory required to simulate the blaze diffraction efficiency has already been

extensively explored [147] and shall be used here to verify the effects witnessed in

Figure 4.7. In brief, the DMD’s far-field diffraction pattern is determined by

81



4.4.2. Blaze Simulations

the Fourier transforms of pixel functions, considering the aforementioned factors of

device’s geometry and incident light angles. The diffraction angle for the mth order

is given by (λfx)m =
√

2(mλ)/p − sin(θi), where λ is the wavelength of incident

light, fx is the spatial frequency corresponding to the mth order in the x-direction,

m is an integer diffraction order, p is the pixel pitch, and θi is the incident angle of

incoming light relative to the normal of the DMD surface. The energy diffraction

efficiency for the mth order can then be expressed as

ηm = sinc4
[

w√
2λ

[√
2mλ

p
− (sin(θs) + sin(θi))

]]
, (4.3)

where ηm is the energy diffraction efficiency for a given mth order, w is the mi-

cromirror width, and θs is the scattering angle determining the angle at which

the light is collected. This equation illustrates how diffraction efficiency varies

with wavelength and diffraction order, highlighting the DMD’s performance across

different wavelengths.
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Figure 4.8: The graphs depict a comparison between the blaze simulation [147]
and experimental results for the DMD with 13.7 µm mirror pitch, a mirror tilt of
12.4 degrees, and a wavelength range of 400 to 700 nm.

From the theory in Equation 4.3, we can now construct a simulation of the

blaze diffraction intensity distribution corresponding to wavelength. By specifying

known values of the DMD, such as the mirror tilt angle and the mirror pitch, which
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is the distance between corresponding mirror centres, the normalised intensity can

be deduced.

As can be seen in Figure 4.8, the expectations of the blaze effects closely

match the results seen in the collected super continuum data. Therefore, valid-

ating the conclusions drawn concerning the optimum wavelengths to choose from

regarding illumination wavelength to utilise in coordination with this particular

DMD to ensure the best design possible.

4.5 Conclusions

This chapter aimed to capture three key characteristics of the V7000 Vialux DMD

required for the effective design of the THz modulation system. These key features

were the resolution capabilities of the DMD, the maximum frame rate potential of

the device, and the power efficiency of this component. It was shown using double

slit diffraction analysis that the resolution of the DMD is (12.9 ± 1.1) µm which is

sub-wavelength in comparison to the THz signal that the DMD is to be modulating.

This suggests the DMD is more than capable of performing the required masking

step it was chosen for.

Frame rates of the DMD were shown to be accurate and reliable up to at least

10,000 Hz. This is on the order of magnitude the THz imaging system is capable

of [6] and therefore shows the DMD again matches requirements. Finally, the

power efficiency of the device was tested over a variety of wavelengths with a super

continuum laser. This characterised blaze diffraction effects intrinsic to DMDs. It

was found that the device had a peak efficiency transmission to a central order peak

at 637 nm, and a low efficiency transmission to a central order at 450 nm. Based on

these results it would suggest that the V7000 Vialux DMD is an exemplary choice

for use within the design of a THz spatial modulation system.
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Chapter 5

Silicon Characterisation

In this chapter we characterise a silicon sample used in designing a THz spatial

light modulator. Fundamental factors such as purity, structural defects, and res-

istivity are examined due to their critical impact on silicon’s optical and elec-

trical responses under photoexcitation. Techniques including Energy-Dispersive

X-ray Spectroscopy (EDS), Transmission Electron Microscopy (TEM), and Scan-

ning Transmission Electron Microscopy (STEM) assess these imperfections and

their effects. These techniques were performed with assistance from Kaviyadhar-

shini Dhamotharan and Prof. Budhika Mendis. The discussion then explores

sample thickness and tilt angle before finally investigating modulation effects from

variations in optical excitation intensity and wavelength. Understanding these de-

pendencies is crucial for achieving high modulation efficiency, contrast, and precise

control in practical THz applications discussed in Chapter 6.

5.1 Introduction

Silicon, a cornerstone material of modern technology, has profoundly shaped the

landscape of electronic and photonic devices over the past century. Discovered

in 1824 by the Swedish chemist Jöns Jacob Berzelius [148], silicon initially found

modest applications in alloy production [149]. However, the true technological sig-

nificance of silicon began emerging in the mid-20th century, primarily driven by the
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invention of the silicon transistor in 1954 by Morris Tanenbaum at Bell Labs [150].

This pivotal event marked the dawn of the semiconductor era, transforming silicon

into the fundamental building block of microelectronics, powering the computing

revolution and enabling the proliferation of digital technology globally [151].

Silicon’s unique combination of properties, including its abundant availability,

stable crystal structure, and semiconductor characteristics, has cemented its dom-

inance in the electronics industry. It became the primary substrate for integrated

circuits, ushering in continuous advancements under Moore’s Law [152], which ac-

curately predicted the exponential increase in transistor density on silicon chips.

Consequently, silicon-based technologies have found widespread use in computers,

smartphones, photovoltaic solar cells, and various sensor applications [153–155].

Its versatility, reliability, and cost-effectiveness underpin its sustained preference

over alternative materials.

However, silicon is not without its limitations. One notable constraint is its

indirect electronic bandgap, which hampers efficient light emission, thus limit-

ing its applications in optoelectronic devices like lasers and light-emitting diodes

(LEDs) [156]. Additionally, silicon’s performance begins to degrade significantly at

frequencies beyond the microwave region [157], presenting challenges for applica-

tions in the THz spectrum. THz technology, poised to revolutionise fields such as

imaging, communications, spectroscopy, and security screening, demands materials

with superior electronic and photonic characteristics beyond silicon’s conventional

capabilities.

Despite these limitations, silicon has demonstrated remarkable adaptability,

evolving through innovative engineering approaches that have significantly exten-

ded its functional scope. Techniques such as doping, heterostructure formation,

and photoexcitation have been extensively explored to enhance silicon’s intrinsic

properties, enabling new functionalities [158, 159]. Photoexcited silicon, in partic-

ular, represents a promising direction for overcoming traditional barriers associated

with silicon’s indirect bandgap and limited high-frequency response. By optically
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exciting charge carriers within silicon, it is possible to transiently modify its elec-

trical and optical properties, enabling dynamic control of electromagnetic radiation

across a wide frequency range, including the challenging THz domain.

Nonetheless, alternatives to silicon continue to garner significant research in-

terest, driven by the need to surpass silicon’s intrinsic limitations. Materials such as

gallium arsenide (GaAs), indium phosphide (InP), graphene, and various metama-

terials have emerged as promising candidates in the pursuit of superior THz per-

formance [160–163]. GaAs and InP exhibit direct bandgaps and higher electron

mobilities, making them attractive for optoelectronic and high-frequency applica-

tions. Graphene, with its extraordinary electronic properties, including ultra-high

carrier mobility and broadband optical response, has shown immense potential

for next-generation THz modulators and detectors [164]. Similarly, engineered

metamaterials provide unique capabilities, such as negative refractive indices and

highly customisable electromagnetic responses, imperative for advanced THz ma-

nipulation [165].

However, despite the allure of these novel materials, silicon remains highly

attractive due to its mature, large-scale fabrication infrastructure, extensive know-

ledge base, and environmental stability. Therefore, continued research into silicon’s

characterisation, specifically under photoexcitation for THz applications, is vital.

This chapter aims to comprehensively characterise photoexcited silicon thereby

contributing essential knowledge towards optimising silicon-based THz spatial light

modulators and overcoming current technological boundaries.

5.2 Sample Properties

In the context of designing a spatial THz light modulator using photoexcited silicon,

the presence of impurities and defects in silicon samples is an integral factor influ-

encing the performance of the device. Silicon, while an excellent semiconductor, is

not immune to imperfections that arise during its production and processing.
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These imperfections, which can take the form of impurities or structural de-

fects, can significantly affect the electrical and optical properties of the material.

A key part of understanding the behaviour of silicon in THz light modulators is to

examine the nature of these defects and impurities, their specific impact on carrier

properties, and methods for manipulating their occurrence. In this section, the

fundamental properties of the silicon samples utilised for THz modulation are ex-

amined, with particular focus on the presence and impact of impurities, structural

defects, and the high-resistivity float zone method employed to enhance material

quality.

5.2.1 Sample Impurities

Impurities in silicon can be broadly classified into two categories: intentional and

unintentional. Intentional impurities, or dopants, such as phosphorus and boron,

are introduced to modify the electrical properties of silicon by controlling its con-

ductivity. However, in the context of THz modulation, it is indispensable to manage

the concentration of these dopants carefully, as excessive doping can create scatter-

ing centres that degrade the mobility of charge carriers as discussed in Chapter 2.

Unintentional impurities such as oxygen, carbon, and metallic contaminants

such as iron, nickel, and copper can be introduced during the crystal growth or

processing steps. Oxygen, for example, is commonly incorporated into silicon dur-

ing the Czochralski (CZ) growth method [166]. It can precipitate within the silicon

lattice, leading to the formation of scattering centres that reduce carrier mobility

and act as traps for carriers, ultimately lowering the effective carrier lifetime. Car-

bon impurities, while less common, can result in the formation of silicon carbide

precipitates, which further degrade the transport properties of the material.

To assess the impurity content of the silicon sample used in this study EDS

analysis was employed. EDS is an analytical technique used to determine the

elemental composition of materials by detecting the characteristic X-rays emitted
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from a sample when it is bombarded with an electron beam; see Appendix A

for more details. The process involves exciting atoms within the material, causing

them to emit X-rays with energy levels unique to each element. These emitted X-

rays are then analysed to identify the presence and relative abundance of elements

within the sample.
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Figure 5.1: An EDS analysis indicating predominantly silicon contents and show-
ing no detected impurities which implies the sample is of high purity.

The EDS analysis of the silicon sample in Figure 5.1 revealed no detectable

traces of unintentional impurities, with the spectrum predominantly indicating the

presence of silicon. It should be noted that the slight presence of copper is expected

to arise from the copper grid used to hold the sample during the experiment.

This suggests that the material is of high purity and does not contain significant

concentrations of oxygen, carbon, or metallic contaminants that could adversely

affect its electronic or optical properties. This absence of detectable impurities is

particularly relevant for THz applications, as it reduces the likelihood of scattering

centres and defect states that could compromise modulation performance.

However, it is vital to note the limitations of EDS, which typically has a

detection threshold around 0.1-0.5 atomic percent. Therefore, impurities below this

threshold may remain undetected despite their potential to impact semiconductor

performance. For a more sensitive analysis of trace impurities, Secondary Ion Mass
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spectrometry (SIMS) or Fourier-Transform Infrared Spectroscopy (FTIR) could be

employed, as these techniques offer significantly lower detection limits, making

them ideal for confirming ultra-high purity silicon required for THz modulation

applications [167, 168].

5.2.2 Sample Defects

In addition to potential foreign impurities, silicon samples can also contain in-

trinsic defects, which arise from imperfections within the silicon crystal lattice

itself. These defects include vacancies, where silicon atoms are missing from their

lattice positions, and interstitials, where silicon atoms occupy spaces between the

regular lattice sites. Both types of intrinsic defects can trap charge carriers, leading

to increased recombination and a reduction in overall electrical performance of the

material. Dislocations, another form of intrinsic defect, involve a misalignment of

atoms within the crystal lattice. These dislocations can create strain fields that

scatter carriers and degrade their mobility, further compromising the performance

of silicon in THz modulators.

Figure 5.2: The TEM bright field image of the silicon lamella prepared using FIB
demonstrating slight non-periodicity is shown in a). The SAED pattern showing
well-defined spots implying a crystalline lattice and that any deformations must be
localised is shown in b).

To investigate the presence of such defects in the silicon sample, imaging was
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performed using TEM analysis. A thin lamella of the sample was prepared using

FIB milling, allowing for detailed structural analysis. Bright-field TEM imaging

shown in Figure 5.2 a) revealed slight non-periodic variations in the lattice, sug-

gesting the presence of dislocations within the crystal structure. While these vari-

ations were subtle, their identification is indispensable since even low densities of

dislocations can significantly influence material properties through carrier scatter-

ing and recombination enhancement. Importantly, such defects can compromise the

uniformity of THz modulation across the wafer, leading to spatial inconsistencies

in the modulation performance.

To further characterise the crystallinity of the sample, Selected Area Elec-

tron Diffraction (SAED) was performed [169]. Figure 5.2 b) shows the resulting

diffraction pattern confirming that the silicon sample is crystalline rather than

amorphous, as evident from the presence of well-defined diffraction spots rather

than diffuse rings. This confirms that the structure is ordered at the atomic scale,

with any observed dislocations likely being localised rather than indicative of large-

scale disorder.

Electron Beam 

Damage

Ion Beam 

Damage

0.5 µm

Figure 5.3: Bright field STEM imaging of the silicon sample showing no evidence
of structural defect streaking. Evidence of ion and electron beam damage is high-
lighted.
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To determine whether the apparent non-periodicity seen in the TEM image is a

genuinely localised structural defect or an artefact caused by beam damage during

FIB preparation, STEM imaging was conducted. STEM, which offers higher spatial

resolution and contrast sensitivity compared to conventional TEM, provides further

insight into the defect distribution and potential strain regions within the silicon

lattice. The STEM results in Figure 5.3 revealed no evidence of local dislocations

or structural defects at the nanoscale, suggesting that the non-periodicity observed

in the TEM image is more likely a result of ion beam damage introduced during the

FIB milling process rather than an intrinsic defect within the silicon. This damage

is highlighted in the figure taking the form of what is known as curtain damage.

Additionally, electron beam damage can been seen by the rings present. Therefore,

these results suggest the sample used in this work has no detectable impurities or

defects, making it theoretically suitable for use in THz modulator designs.

5.2.3 High Resistivity Float Zone Method

The presence of any impurities or defects would directly affect several key proper-

ties of silicon, which are indispensable for the performance of THz light modulators.

One of the most significant of these properties is carrier mobility, which refers to

how quickly charge carriers can move through silicon when subjected to an electric

field. Impurities and defects act as scattering centres, reducing this mobility and

thus limiting the material’s ability to respond effectively to modulation signals. For

example, oxygen-related defects can trap carriers and restrict their movement, lead-

ing to a reduction in modulation efficiency. Similarly, dislocations and vacancies

further degrade mobility by increasing the likelihood of phonon scattering.

Another important property affected by impurities and defects is the carrier

lifetime, which is the average time a charge carrier exists before it recombines.

Metallic impurities, particularly those like iron and copper, create deep-level traps

that accelerate recombination. This rapid recombination reduces the number of car-

riers available for modulation, thus degrading the performance of the modulator by
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reducing the carrier lifetime. Furthermore, defects that increase the recombination

rate limit the depth and bandwidth of modulation, further reducing the overall

efficiency of the device.

Given the significant impact of impurities and defects on the performance of

silicon, it is imperative to adopt methods that manipulate their occurrence. One of

the most effective techniques for reducing impurity in silicon is the Float Zone (FZ)

growth method [170]. Unlike the CZ process, which introduces a significant amount

of oxygen during crystal growth, the FZ method involves passing a molten zone

through a silicon rod, allowing impurities to segregate and move out of the crystal.

As a result, silicon produced through the FZ method is of much higher purity, with

lower levels of oxygen and other metallic impurities. This reduction in impurity

concentration is particularly beneficial for applications that require high carrier

mobility and long carrier lifetimes, such as THz modulators.

A more refined variation of the Float Zone method is the High Resistivity

Float Zone (HRFZ) technique, which is specifically designed to produce silicon

with extremely high resistivity [171]. The HRFZ process results in silicon that

has very low levels of both oxygen and metallic impurities, making it ideal for

applications in which low defect concentrations and minimal impurity scattering

are important and therefore is the chosen growth method for this work. Silicon

grown using the HRFZ method has fewer recombination centres, leading to longer

carrier lifetimes and improved mobility, both of which are crucial for efficient THz

modulation.

In addition to crystal growth methods, techniques such as thermal annealing

and gettering are employed to repair or isolate defects. Annealing allows silicon

atoms to return to their proper lattice positions, reducing the number of vacancies

and interstitials, while gettering techniques trap impurities in regions of the silicon

that do not affect the device’s active areas.
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5.3 Etalon Effects

In the development of silicon-based THz modulators, understanding etalon effects

is essential, as these effects can significantly influence the efficiency, precision, and

tunability of THz modulation. When THz radiation is transmitted through a

silicon wafer, interference effects, known as etalon effects, can occur. An etalon

is a device consisting of two parallel reflecting surfaces, which can create multiple

reflections of an incident light beam within the cavity formed by these surfaces.

This phenomenon leads to constructive and destructive interference patterns that

modify transmitted and reflected signals.

When THz radiation enters the silicon wafer, it encounters the boundary

between air and silicon. Due to the difference in refractive indices, part of the

THz wave is transmitted to silicon, while part is reflected back into the air. This

was demonstrated previously in Figure 2.7 from Chapter 2. The transmitted

wave continues to propagate through the silicon wafer until it reaches the opposite

boundary, where a similar partial reflection and transmission occur.

The THz waves reflected back and forth within the silicon wafer interfere with

each other. If the distance between the paths of successive reflections is an integer

multiple of the THz wavelength, constructive interference occurs, enhancing the

transmitted signal at certain frequencies. Conversely, if the path length difference is

a half-integer multiple of the wavelength, destructive interference occurs, reducing

the transmitted signal at those frequencies. In this section we shall explore the

parameters influencing the etalon patterns, and discuss the potential to fine-tune

the modulator using these effects.

5.3.1 Sample Thickness Dependence

The transmission function of the silicon wafer, accounting for etalon effects, can

be mathematically described by considering the interference of multiple reflected
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waves. The intensity of the transmitted THz radiation (It) can be expressed as:

It = I0
(1 − R)2

1 − 2R cos (2δ) + R2 , (5.1)

where I0 is the incident intensity, R is the reflectance at the silicon-air interface,

δ = 2πnd/λ is the phase difference between successive reflections, n is the refractive

index of silicon, d is the thickness of the silicon wafer, and λ is the wavelength of the

THz radiation. The refractive index and reflectance can be approximated by using

Fresnel’s equations discussed in Equation 2.6 to be 3.42 and 30% respectively.
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Figure 5.4: Terahertz probe frequency against transmission intensity for a wafer
of 480 µm thickness showing a comparison of silicon’s experimental etalon period
against its theoretical simulation.

By using Equation 5.1, it is now possible to create a simulation of the etalon

patterns produced by a silicon sample of known thickness. Figure 5.4 is the exper-

imental data compared against the simulation results where the experimental data

is collected by use of the Terascan system, discussed in Section 3.4.1, where the

transmission is collected by scanning the sample through a range of THz frequen-

cies. This transmission is then normalised by dividing through by the background

scan without the sample. Additionally, a residual analysis was conducted, gener-

ating a residual plot that exhibited very good agreement between the simulation
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predictions and the experimental measurements. The residuals appear randomly

distributed around zero without any noticeable patterns or systematic deviations,

indicating that the model appropriately captures the underlying trends and vari-

ations observed experimentally.

Quantitative analysis further confirmed the robust agreement between the ex-

perimental data and simulation outcomes. The Mean Absolute Percentage Er-

ror (MAPE) was calculated to be 7.25%, demonstrating that on average, the

simulation predictions deviate from the experimental data by approximately this

percentage. This relatively low value of MAPE is indicative of high predictive

accuracy. Additionally, the Relative Root Mean Square Error (R-RMSE) was com-

puted, yielding a value of 9.4%. The R-RMSE provides an aggregate measure of

the magnitude of the prediction errors relative to the range of observed data, fur-

ther affirming the model’s reliability. Overall, both the qualitative residual plot

and the quantitative metrics (MAPE and R-RMSE) substantiate the effectiveness

of the simulation model, confirming that it provides a reliable representation of the

experimental observations.

5.3.2 Fine-tuning Apex Locations

Tilting a silicon wafer is an effective method to alter the locations of the interference

maxima (apices) caused by etalon effects in the THz region. The fundamental

principle behind this technique involves modifying the path length differences of the

multiple internal reflections within the wafer, which in turn affects the interference

pattern of the transmitted THz signal.

When a wafer is tilted, the effective optical path length for THz waves changes.

This is because the angles of incidence and transmission are modified, thereby

altering the distance travelled by the waves within the wafer. The phase difference

between successive reflections is a function of this optical path length. In a standard

etalon, the effective round-trip distance is 2nd cos(θ), where n is the refractive
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index of the wafer, d is its thickness, and θ is the angle of incidence inside the

wafer. Therefore, the phase difference δ is given by δ = 4πnd cos(θ)
λ , where λ is the

wavelength of the incident THz radiation.

Constructive interference (resulting in maxima or apices) occurs when the

phase difference is an integer multiple of 2π, leading to 4πnd cos(θ)
λ = 2πm, which

simplifies to 2nd cos(θ) = mλ, with m being an integer representing the order of

interference. Similarly, destructive interference (resulting in minima) occurs when

the phase difference is an odd multiple of π: 4πnd cos(θ)
λ = (2m + 1)π, which leads

to the simplified 2nd cos(θ) = (2m+1)λ
2 .

When the wafer is tilted by a small angle α, the effective angle becomes θ + α,

and the modified phase difference δ′ becomes δ′ = 4πnd cos(θ+α)
λ . Thus, the new

positions of the interference maxima are obtained by 2nd cos(θ +α) = mλ. Finally,

by considering the relationship between wavelength and frequency, specifically us-

ing the relation ∆f = ∆λ
(

c
λ2

)
, and substituting the condition for constructive

interference, the Free Spectral Range (FSR) of the wafer can be expressed as:

∆f = c

2nd cos(θ + α) . (5.2)

Here, ∆f is the frequency difference between successive apices, and c is the speed

of light in vacuum.

We can now see that tilting of the silicon wafer should pose as an effective

technique for shifting the FSR, and therefore as a means of shifting the locations of

the apices. To verify this, transmission data was collected with the Terascan system

for a 480 µm thick silicon wafer over a broad range of probe THz frequencies, as

presented in Figure 5.5. The experiment included tilt angles for the wafer ranging

from 0° (normal incidence) to 40°, where increasing tilt progressively modified the

etalon interference conditions. Once the scans were completed at each angle, the

data for 0 degrees tilt was processed to normalise the transmission by dividing

through by the background scan without the sample. For the remaining tilt data,
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Figure 5.5: Terahertz probe frequency against transmission intensity for a wafer
of 480 µm thickness, showing a range of etalon periods for varying tilt angles relative
to the normal incident THz radiation.

the transmission was normalised by dividing through by the 0 degree tilt data to

retain information concerning the difference in magnitude between these scans.

From an analysis of the data, two significant effects are evident. Firstly, tilting

the silicon wafer induces the expected shift in apices locations, confirming the the-

oretical increase in FSR with tilt. The FSR, from Equation 5.2, for the untilted

case (0° tilt) was calculated to be 91.9 GHz, closely matching the experiment-

ally observed value of (92.1 ± 1.4) GHz, demonstrating strong agreement between

theory and measurement.

This effect becomes increasingly pronounced at higher THz frequencies, as

evident in the dataset where, by 1000 GHz, the separation between successive

apices differs significantly between tilted and untilted configurations. Theoretical

predictions indicate that for a 40° tilt, the FSR should increase by +1.69 GHz,

yielding a theoretical FSR of approximately 93.6 GHz. This aligns well with the

experimentally measured value of (93.8 ± 1.5) GHz, reinforcing the validity of the

model and confirming that tilting provides a controllable mechanism for spectral

tuning in THz applications.

Secondly, an overall decrease in transmission amplitude is evident as the tilt
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angle increases. This reduction is attributed to a combination of Fresnel losses, in-

creased optical path length, and potential partial Total Internal Reflection (TIR).

Specifically, the angle-dependent Fresnel coefficients predict higher reflection losses

at the silicon-air interface, leading to reduced transmitted power. Furthermore, as

tilt increases, the THz wave propagates through a longer effective thickness of sil-

icon, enhancing both absorption and scattering. This compounding effect explains

the monotonic reduction in transmitted intensity as a function of increasing tilt.

For THz spatial light modulators, optimising the modulation performance re-

quires the careful positioning of interference maxima. These results demonstrate

that tilt control provides a tunable mechanism for aligning the interference max-

ima with operating frequencies of interest, maximising modulation efficiency and

contrast. This alignment can significantly improve the performance of the modu-

lator by enhancing signal-to-noise ratios and ensuring the modulator is intrinsically

designed to operate at the THz frequency of the corresponding imaging device.

5.4 Modulation Effects

The optical modulation of THz signals in silicon is governed by the generation of

free carriers under photoexcitation and their subsequent interaction with incident

THz radiation. When the silicon wafer is illuminated, charge carriers are excited in

a depth-dependent profile governed by the optical absorption coefficient at the ex-

citation wavelength. This leads to an exponentially decaying carrier density into the

material, which in turn modifies the local dielectric response via the Drude model.

The cumulative effect of this depth-varying permittivity alters the propagation of

THz waves through the wafer. Consequently, the modulation depth observed in

transmission experiments depends not only on the total carrier population but also

on the spatial distribution of carriers relative to the penetration depth of the THz

field. These physical relationships, developed more fully in Chapter 2, underpin

the experimental analyses that follow.

99



5.4.1. Excitation Intensity Dependence

This section presents a characterisation of these modulation effects by focus-

ing on two key excitation parameters. First, the impact of excitation intensity is

examined to determine how increasing optical power alters free-carrier absorption

and influences the amplitude of transmitted THz signals. Intensity dependence is

central to assessing the upper limits of modulation depth, which is essential for

high-contrast imaging applications such as the THz spatial light modulator de-

veloped here. Second, the excitation wavelength is varied to evaluate how different

photon energies affect the depth of carrier generation and the corresponding mod-

ulation efficiency. Since shorter wavelengths generate carriers closer to the surface,

where the THz field is most sensitive, this dependence is crucial for optimising

spatial resolution and carrier localisation in silicon-based THz devices.

5.4.1 Excitation Intensity Dependence
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Figure 5.6: Terahertz probe frequencies against modulation depths for an un-
coated pure silicon sample (resistivity of 5000 Ω cm, thickness of 480 µm) under
varying excitation intensities demonstrating the intensity dependence of silicon’s
modulation effects for a) experimental and b) simulated data.

The influence of optical excitation intensity on THz modulation is primarily

dictated by the density of photogenerated carriers. As the excitation intensity in-

creases, the number of electron-hole pairs rises proportionally, leading to enhanced
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free-carrier absorption and a corresponding reduction in THz transmission. THz

modulation is the comparison of this transmission response to that of a non-excited

sample as seen in Equation 2.28. The modulation depth as a function of THz

frequency and excitation intensity is illustrated in Figure 5.6, which demonstrates

the progressive attenuation of THz signals, and increased modulation depth, with

increasing optical power. This was performed by using the Terascan system to

provide THz probing through the silicon sample while exposed to a 450 nm laser,

described in Section 3.3.1. The intensity was varied by altering the power output

of the laser for a set excitation area.

From analysis of the experimental data in Figure 5.6 a), several key trends

emerge. Higher excitation intensities result in stronger THz absorption, with mod-

ulation depth increasing across all THz probe frequencies as laser intensity in-

creases. This confirms that free-carrier absorption is the dominant mechanism

governing the modulation process. Additionally, low-frequency THz waves exhibit

slightly greater sensitivity to variations in excitation intensity, as the increase in

modulation depth is more pronounced at lower THz frequencies. This behaviour

aligns with the frequency-dependent nature of free-carrier absorption predicted by

the Drude-Lorentz model shown in Figure 5.6 b).

This frequency-dependent characteristic can be explained by a second mech-

anism which involves the Drude-Lorentz absorption characteristics. This is where

increased carrier densities result in higher plasma frequencies and stronger absorp-

tion at lower THz frequencies. This dependence highlights the role of free-carrier

dynamics in shaping the modulation response, with low-frequency THz waves ex-

periencing the most significant attenuation.

A third contributing factor is carrier scattering and recombination. As car-

rier densities rise, various scattering mechanisms, including carrier-carrier interac-

tions, phonon scattering, and Auger recombination, become increasingly significant.

These processes impose fundamental limits on further absorption enhancement,

eventually leading to a saturation effect at higher excitation intensities. The com-
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petition between free-carrier generation and recombination ultimately defines the

efficiency and upper limits of optical modulation in silicon-based THz systems.

In addition to this, further practical limitations exist when increasing excita-

tion intensity beyond certain thresholds. At higher intensities, significant thermal

effects can arise due to increased absorption and subsequent heating, potentially

leading to thermal damage or degradation of silicon’s optical and electrical proper-

ties. Limitations in other components must also be considered whereby the masking

element (DMD) has thermal limits on the maximum intensity allowed before de-

gradation. Additionally, non-linear effects, such as two-photon absorption, eventu-

ally become prominent, reducing modulation efficiency and introducing unwanted

optical losses. Therefore, a careful balance must be maintained between achiev-

ing high modulation depths and avoiding these adverse effects to ensure long-term

device reliability and optimal performance.

5.4.2 Excitation Wavelength Dependence

In addition to optical intensity, the excitation wavelength plays an important role

in determining the modulation depth of THz transmission. The penetration depth,

absorption coefficient, and carrier generation efficiency all vary with wavelength,

leading to significant differences in the spatial distribution of photogenerated car-

riers and, consequently, the modulation characteristics. As a result, the efficiency

of THz modulation is strongly wavelength-dependent.

Figure 5.7 presents a comparison of experimental and simulation data for

modulation depth as a function of optical excitation wavelength. This was per-

formed using all three laser diodes described in Section 3.3.1, as well as the

Ti:Sapphire laser detailed in Section 3.3.2. Both datasets follow a consistent

trend: modulation depth peaks at lower wavelengths (400 nm), decreases near

500 nm, and then increases again as the wavelength extends toward 900 nm. This

non-monotonic behaviour highlights the complex dependence of modulation depth
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Figure 5.7: A comparison of simulated (5 µs, 1.6 µs, and 0.5 µs effective car-
rier lifetime simulations) and experimental data for excitation laser wavelengths
against modulation depth maxima for an uncoated pure silicon sample (resistivity
of 5000 Ω cm, thickness of 480 µm) demonstrating the excitation wavelength de-
pendence of silicon’s modulation effects

on silicon’s optical properties under varying excitation wavelengths.

Understanding this wavelength-dependent modulation effect is essential for

designing silicon-based THz modulators, as it provides insight into selecting the

most effective excitation conditions for a given application. In our case, effective

choices for excitation wavelength would be with diodes producing 400 nm radiation

given this produces the most efficient modulation depth values.

The real and imaginary refractive index values used in the simulation, Equa-

tion 2.5, come from a database that covered samples similar to our setup [172].

This database is for a silicon sample with 1014 carriers, whereas our sample would

be in the lower range of 1013 carriers. While this represents an order of magnitude

difference, the anticipated impact on the refractive index is minimal within the

spectral regions of interest.

Between 400 and 700 nm, the optical response of silicon is primarily governed
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by interband electronic transitions, which are largely independent of free carrier

concentration. Since free carrier absorption plays a relatively minor role in this

range, variations in carrier density have only a negligible effect on the real part of

the refractive index [173].

In the near-infrared range (700–900 nm), free carrier absorption significantly

influences the imaginary component of the refractive index. According to the Drude

model, this absorption is proportional to free carrier concentration. However, the

effect remains relatively small, as intrinsic silicon properties dominate absorption

over extrinsic doping in this range [174]. Therefore, the database refractive index

values provide a reasonable approximation for our simulation, with only minor

deviations expected, mainly due to reduced free carrier absorption in the near-

infrared region.

These refractive index values impact the sample’s absorption coefficient and

reflectivity. These values were defined for use in Equations 2.5 and 2.6. Consider-

ing the changes in photon energy, and their respective penetration capabilities from

the samples absorption and reflection characteristics, we can begin to understand

the complex behaviour we witness in Figure 5.7.

The minimum modulation depth at 500 nm indicates a competition between

optical penetration and carrier generation efficiency. Shorter wavelengths (400 nm)

generate high carrier density in a thin region, while longer wavelengths (900 nm)

penetrate deeper, increasing free-carrier absorption. The 500 nm inflection point

likely marks a transition where carrier generation per unit depth becomes subop-

timal due to changes in reflectivity and absorption.

Carrier lifetime adjustments were made to fit the simulation to experimental

data. Generated carriers have lifetimes influenced by diffusion and recombination,

with these limiting factors captured through lifetimes assigned to various recom-

bination processes. These processes collectively make up the bulk carrier lifetime

(τbulk), defined in Equation 2.16. Adjusting the bulk carrier lifetime adjusts the
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recombination and diffusion processes, and therefore the overall number of gener-

ated carriers. These changes to net carrier concentration ultimately change the

modulation depth as witnessed in Figure 5.6.

Additional surface passivation alters surface recombination velocities, signific-

antly impacting the total effective carrier lifetime (τeff). Ultimately, this dictates

the difference between excited and intrinsic states as 1
τeff

= 1
τbulk

+ 2S
d , where S

is surface recombination velocity, and d is sample thickness. Therefore, adjusting

the effective carrier lifetime in the simulation allows a single parameter to tune the

trends for optimal fitting.

An effective carrier lifetime of 1.6 µs produced the best-matching trend line.

While the exact lifetime was not experimentally determined, the high-resistivity,

unpassivated sample suggests a bulk recombination lifetime within the range of

100 µs to 1 ms [175]. The unpassivated surface will have a surface recombination

velocity in the range of 103 cm/s to 106 cm/s [176]. This distortion shifts the

anticipated effective carrier lifetime to 0.025–25 µs. The analysis confirms that the

chosen lifetime qualitatively aligns with experimental data and fits the expected

theoretical range.

The error bars were obtained from uncertainty in the laser power and beam

waist. Measurements for the ratio of the elliptical beam’s semi-major and semi-

minor axes (88%, 88%, 92% and 94% for 405 nm, 450 nm, 638 nm, and Ti:Sapphire

lasers respectively) lead to error in the relative beam radius (6%, 6%, 4.2%, and

3% respectively). This radial error leads to error in the total beam area (12%,

12%, 8.4%, and 6% respectively, computed by doubling the radial error), and con-

sequentially an error in the beam intensity. From Figure 5.6 we can now estimate

the equivalent error in modulation depth from this estimated error in excitation

intensity (4.3%, 4.3%, 3.1%, and 2% respectively).

Considering the error bars, the simulation trend aligns with experimental data

but requires a 50 K increase in silicon temperature during excitation. This heating,
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expected from high-power laser excitation, affects carrier mobility, slightly reducing

the expected modulation depth output compared to the no-heating case. Further-

more, the residual analysis of Figure 5.7 indicates a slight deviation of modulation

depth in the simulation at 400-500 nm and a minor variance at 900 nm. This dis-

crepancy could arise from factors such as imperfect optical alignment, variations in

carrier diffusion assumptions, or temperature-dependent mobility effects not fully

captured in the model.

The experimental alignment with the simulation confirms the model accur-

ately captures THz modulation physics. The qualitative agreement supports the

theoretical framework, particularly wavelength-dependent absorption and carrier

dynamics. However, slight residual disparities suggest the need for further invest-

igation into factors affecting real-world performance.

5.5 Conclusion

In summary, this chapter has provided a detailed characterisation of silicon samples

used in designing our THz spatial light modulator. Significant findings emerged

from the careful analysis of sample impurities, structural defects, and the advant-

ages offered by employing the HRFZ method. EDS analysis confirmed the high

purity of the silicon samples, detecting no substantial impurities that could de-

grade device performance. TEM and STEM imaging analyses provided assurance

regarding the crystalline integrity of the samples, revealing minimal defect densities

and attributing observed anomalies primarily to preparation artefacts rather than

inherent defects.

The examination of etalon effects underscored the importance of sample thick-

ness and wafer tilt as crucial parameters influencing THz interference patterns. Ex-

perimental results, supported by robust simulations, confirmed that precise control

over these parameters allows effective tuning of the FSR, enabling fine adjustments

in the positions of interference maxima. This ability is particularly valuable in op-

106



5.5. Conclusion

timising the device’s performance for specific operational frequencies, enhancing

modulation efficiency and contrast.

The modulation effects analysis highlighted the significant influence of optical

excitation intensity and wavelength on THz signal modulation depth. Increasing

excitation intensity consistently enhanced modulation depth across various THz

frequencies, albeit with slight diminishing returns due to recombination and sat-

uration effects at higher intensities. The study of excitation wavelength revealed a

complex, non-monotonic relationship, indicating optimal modulation performance

at specific wavelengths—particularly around 400 nm—due to the balance between

optical absorption, carrier diffusion, and recombination dynamics. However, it

should be noted that due to limitations on potential lasers capable of adequate

excitation around 400 nm, limited data has been collected to verify this relation-

ship. In future work, additional depth into this region of wavelength dependent

modulation depth should be explored.

Collectively, these results provide critical insights into material and operational

parameters that define the performance of silicon-based THz modulators. The

findings confirm that best modulation depths occur at certain THz frequencies and

under specific excitation wavelengths, guiding future designs and optimisations of

advanced THz modulation systems.

107





Chapter 6

Terahertz Imaging Application

In this chapter, we begin by discussing the THz imager, covering its background

theory of operation which we touched upon in Chapter 3. The modulator,

whose design directly embodies the modulation depth predictions from Chapter 2

with carrier-induced refractive index changes modelled via the continuity equation

(Equation 2.18), is then used in tandem with the THz imager for characterisa-

tion of the modulator in terms of its achievable modulation depth, resolution, and

frame rate.

6.1 The Terahertz Imager

The THz imaging system utilises a Caesium vapour typically heated to between 40

and 60◦C, where atoms are excited to a Rydberg state. In this system, incident

THz radiation interacts with the excited atomic vapour, leading to THz-to-optical

conversion. The resulting green fluorescence is then imaged using an optical cam-

era. This approach yields a full-field, real-time imaging system that has been

demonstrated to achieve near diffraction-limited spatial resolution and capture im-

ages at kilohertz frame rates. The following sections detail the theory behind this

phenomena and the specific performance parameters of the imager.
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6.1.1 Background Theory

The imager operates by converting THz radiation into a readily detectable optical

signal of 535 nm through a carefully designed atomic vapour system, utilising a

three-step laser excitation scheme and two distinct Rydberg states in Caesium.

This approach enables full-field imaging with diffraction limited resolution and

high sensitivity.

Initially, a Caesium vapour is contained within a quartz cell heated to approx-

imately 50°C, which increases the vapour pressure and thereby the atomic density.

Three lasers are then employed in sequence to excite the Caesium atoms from their

ground state into a specific Rydberg state. The process begins with the first laser,

operating at 852 nm, which excites atoms from the ground state (6S1/2) to an

intermediate excited state (6P3/2). This step is critical since it sets the stage for

subsequent excitations by efficiently promoting a significant fraction of atoms to

an accessible excited level.

The second laser, with a wavelength of 1470 nm, then transfers these atoms

from the 6P3/2 state to another intermediary state, the 7S1/2 level. The stability

and precise tuning of this coupling laser are imperative, as it ensures that the

energy of the atoms is correctly prepared for the final excitation. Finally, the third

laser, typically operating at 843 nm (referred to as the Rydberg laser), excites the

atoms further from the 7S1/2 state into a high-lying Rydberg state, specifically the

14P3/2 state. At this juncture, a two-dimensional sheet of excited atoms is formed

within the cell.

Even in the absence of incident THz radiation, the atoms in the 14P3/2 state

are not permanently stable. They undergo spontaneous decay via a range of differ-

ent pathways, producing a background level of fluorescence known as the “THz-off”

signal. This fluorescence is inherently broadband, as the decay routes involve mul-

tiple transitions that emit at various wavelengths. Consequently, the initial optical

signal without the influence of a THz field comprises a mixture of wavelengths
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corresponding to the different decay channels from the 14P3/2 state.

When a continuous-wave THz field at 0.55 THz is applied to the excited va-

pour, it resonantly couples the 14P3/2 state to a neighbouring Rydberg state—the

13D5/2 state. For reference, at 550 GHz, the free-space wavelength is approxim-

ately 545 µm (λ = c/f). This wavelength represents the relevant spatial scale for

diffraction and imaging constraints in the THz regime.” The incident THz radi-

ation essentially provides the energy needed to induce this transition. Unlike the

spontaneous decay from the 14P3/2 state, this THz-induced transition channels the

atoms into the 13D5/2 state where the decay occurs primarily through a cascade

involving an intermediate state (generally the 6P3/2 state) before returning to the

ground state. The key point here is that this cascade predominantly produces a

narrow-band optical emission, with most photons emitted at 535 nm, a distinct

green fluorescence. This particular fluorescence, called the “THz-on” signal, is

markedly different from the broadband “THz-off” fluorescence.

To distinguish between these two cases, the imager employs a narrow-band

optical filter centred on 535 nm. This filter effectively isolates the green fluores-

cence originating from the THz-coupled 13D5/2 decay pathway and suppresses the

broader background fluorescence from the unperturbed 14P3/2 state. The result-

ing image, captured by a conventional optical camera, directly maps the spatial

distribution of the incident THz field.

In summary, the imager utilises a three-step laser excitation scheme to pre-

pare the Caesium vapour in the 14P3/2 Rydberg state, which exhibits spontaneous

decay (broadband fluorescence) in the absence of THz radiation. When exposed

to a resonant THz field, the atoms transition to the 13D5/2 state and decay pre-

dominantly via a cascade that produces distinct green fluorescence at 535 nm, thus

allowing selective and high-speed imaging of the THz field.
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6.1.2 System Capabilities

The THz imaging system demonstrates near diffraction-limited spatial resolution,

as evidenced by imaging experiments performed by Dr. Downes [6] that resolved

0.50 mm diameter pinholes spaced 1.00 mm apart. Analysis of the resulting Airy

patterns and the corresponding Strehl ratio of 0.57 confirms that the optical design,

while affected by some aberrations, achieves resolution close to the theoretical

diffraction limit. This performance is a testament to the efficient optical collection

and the precision of the in-house designed optical elements used in the system.

Temporal resolution is equally admirable, with the imager capturing images

at frame rates up to 6 kHz. In dynamic experiments, such as those involving the

motion of a water droplet and a rotating optical chopper wheel, the system demon-

strated the ability to record high-speed events reliably. Although the intrinsic life-

time of the THz-coupled excited state is around 0.8 µs—suggesting the possibility

of imaging at even higher speeds—the practical frame rate is limited by the sens-

itivity of the optical camera. In the testing configuration, the FASTCAM detector

provided high-speed imaging with a signal-to-noise ratio that remained acceptable

up to 6 kHz, beyond which the signal-to-noise ratio dropped to approximately 2.

Sensitivity is another key capability of the imager. The minimum detectable

THz power was quantified as (190 ± 30) femtowatts per 40×40 µm2 pixel over a

1-second integration period. This high sensitivity is achieved by efficient THz-to-

optical conversion, where each absorbed THz photon has a conversion probability

of roughly 52.4% into a detectable optical photon. The system’s sensitivity was

determined through calibration using the Andor iXon camera, where the incident

THz power was calculated by assuming a Gaussian beam profile for the THz source

and accounting for losses incurred in the optical setup. With a THz source output

of approximately 17 µW at 0.55 THz, only a fraction of this power is focused onto

the active imaging area.

The full-field imaging capability, which allows the collection of a 2D image in
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a single shot, further enhances the practicality of the system. Unlike conventional

single-pixel or raster scanning systems, this approach enables real-time imaging

without the need for scanning procedures. Moreover, the optical detection method

allows for flexibility in the choice of cameras, which could further improve perform-

ance if more sensitive detectors are employed in future iterations.

6.2 Modulator Characterisation

Although the THz modulator being designed in this work is primarily developed

for implementation into the THz imager, it is possible to use the imager to initially

characterise the modulator instead. The following sections cover the characterisa-

tion of the modulator in terms of captured image contrast, resolution, and frame

rate capabilities for the chosen design.

6.2.1 Image Contrast

In typical operation, the processing of images from the THz imager is performed by

comparison of ’THz field-off’ vs ’THz field-on’ images. This is essentially compar-

isons of the images whose signals contain just background noise, and background

noise with the addition of the THz signal respectively. By performing a subtraction

of ’off’ from ’on’, it enables the reduction of noise from the produced THz image.

The addition of the THz modulator to the setup further complicates the pro-

cessing as additional factors of silicon interference from absorption of the THz, and

effects of masked excitation on the THz transmission both add to the aforemen-

tioned signal compositions. A comprehensive diagram of all four imaging stages

(background signal (THz field-off), Terahertz field (THz field-on), wafer inserted,

and modulation activated) are shown in Figure 6.1 a) along with their corres-

ponding signal compositions in Figure 6.1 b).
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Figure 6.1: a) Images of the Caesium vapour cell optical fluorescence. From left
to right, the images depict the cell during imaging of the background signal, then
the application of the THz field, then the addition of a silicon wafer in the THz
field path, and finally the addition of a checkerboard excitation mask to the silicon
(applying modulation). b) The four stages of imaging (from a)) and their signal
compositions. From left to right, the diagram depicts the progressive addition
of background noise, THz signals, silicon interferences, and the modulation via
masked excitation to the signal.

In this new setup’s typical operation, the silicon wafer will remain in position

rather than being removed for the capture of the background and terahertz field

images. This leaves a comparison between the wafer inserted and modulation

activated images. As seen in Figure 6.1 b), the remaining signal composition after

processing between these two images will be the signal induced by the excitation

process (modulation). Therefore a comparison of this nature directly allows for the

extraction of the modulation process’s influence upon the THz field.

Figure 6.2 shows the modulation depth calculated by taking the difference

between the modulation activated and wafer inserted images then normalising

against the modulation activated image. To enhance the signal to noise even fur-

ther for visibility, horizontal profiles of the modulated image are taken and then

averaged vertically across the entire height of the image. This produces fairly

clear triangular peaks where the apices correspond to the centres of the modulated
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Figure 6.2: The modulation depth for an example checkerboard pattern tested
in the THz imager. Horizontal profiles of the modulated pattern are taken then
averaged vertically across the entire image. The peaks therefore correspond to the
centres of the checkers. A theoretical optimal peak without the effects of lateral
diffusion is shown for comparison, and the experimental data is split into three
regions where regions 1 and 3 denote anticipated vapour cell interference while
region 2 depicts optimal modulation and imager performance.

THz, and the troughs correspond to the points at which the concurrent illuminated

checker boarders meet.

To determine the contrast, the Modulation Transfer Function (MTF) for con-

trast can be used which is defined as

MTF = Imax − Imin

Imax + Imin
, (6.1)

where Imax and Imax are the maximum and minimum intensities respectively from

Figure 6.2. These values from the peaks and troughs of 29% and 8% respectively

shows that the relative contrast achieved in the image is 0.568. This is a relatively

low modulation depth compared to other existing THz modulators which can reach

99%. The limiting factor for this comes from the silicon wafer as discussed in

Chapter 5 for which alternatives should be looked for in future work to improve

this design. In addition to weakened modulation depth capabilities, lateral diffusion

effects can also be seen when comparing the shape of the ’blunt’ profile with that

of the optimal peak. This dullness will originate from a imperfect step function
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between checkers caused by diffusion effects smoothing out the step and will lead

to further reductions in the MTF contrast.

In regions 1 and 3 of the profile, anomalies are introduced onto the familiar

triangle profile. These anomalies are not present within region 2 of the profile,

therefore are likely to originate from interference with the edges of the vapour cell.

As these interference effects are anticipated to be due to components within the

imaging setup, we can conclude that they are not due to issues within the design

of the modulator.

6.2.2 Spatial Resolution

The method for determining the spatial resolution involves using a series of images

of these checkerboard patterns with progressively smaller check sizes to evaluate

the capabilities of the THz modulator. Since the THz imager can be assumed to

have optimal resolution, any deterioration in contrast in these images is primarily

due to the modulator’s performance. By plotting the contrast against the checker

size, we can observe how well the modulator is reproducing the pattern details.

As the checker size decreases, the modulator’s finite resolution means it can

no longer accurately reproduce the sharp transitions between the dark and light

areas of the pattern. This inability results in a reduction of the contrast in the

images. At a certain point, the contrast will drop below a predefined threshold,

which is taken as the minimum contrast required to reliably resolve the pattern.

The checker size at which this occurs is then considered the minimum resolvable

resolution of the modulator.

Typically, the predefined threshold is 50% however, this would likely not res-

ult in a fair comparison. A modulator with higher modulation depth would likely

achieve better resolution from this threshold value despite also being constituted

mainly of silicon. As discussed in Chapter 2, the limiting factor for resolution

comes from lateral diffusion of charge carriers which is an intrinsic mechanism
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to silicon, therefore it would be reasonable to expect modulators build upon the

same silicon wafer design to have comparable resolution. To correct for this, the

predefined threshold of 50% has been normalised to our maximum achievable mod-

ulation depth to give a value of 14.5% as the threshold. This should ensure that

modulator’s limited modulation depth does not impact its resolution unreasonably.

Decreasing Checker Size

h)a) b) c) d) e) f) g)

Figure 6.3: A series of modulated and imaged checkerboard patterns of decreasing
checker size from b) though to h), with a) being an example checkerboard to assist
with visualising the pattern. The checker sizes for each image are: b) 960 µm, c)
850 µm, d) 740 µm, e) 620 µm, f) 510 µm, g) 400 µm, h) 290 µm.

Figure 6.3 depicts the series of modulated checkerboard images collected with

decreasing checker size. With visual inspection, and the help of Figure 6.3 a),

it should be possible to discern the checkers by eye in the majority of the images.

It should be noted that the images have been adjusted to better highlight the

contrast using two techniques. Firstly, the greyscale image has been converted to a

high contrast colour map to enable better deduction between light and dark areas.

And secondly, the colour map has been normalised to ensure that the darkest and

lightest regions correspond to the extreme ends of the colour map respectively.

Performing the contrast analysis from Equation 6.1 across each of the images

in Figure 6.3 produces the MTF plot seen in Figure 6.4. There is a clear trend

across the MTF values whereby decreasing checker size leads to decreasing contrast.

An exponential decay curve has been fitted to the data to interpolate between the

data points, and error values for the data points are collected from repeated runs of

checkerboard sizes and their standard deviations. Now using the threshold value,

set to 14.5% as previously discussed, the exponential curve intersection suggests
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Figure 6.4: An exponential fitting to experiment data collected for a range of
checkerboard dimensions depicting the change in MTF contrast values and the
intersection with the predefined minimum resolvable threshold of 14.5% at 340 µm.

that the minimum resolvable resolution of this designed modulator is approximately

340 µm. This corresponds to Figure 6.3 g) being the last resolvable checkerboard

pattern with Figure 6.3 h) being unresolvable.

When comparing this modulator design with a maximum modulation depth

of only 29% to others with higher modulation depths, the resolution is found to

be quite similar as typical values for other similar systems tend to be in the range

of 140-500 µm [177]. This is because the limiting factor is not the modulation

depth itself but the lateral spreading of the photoexcited carriers. Thus, even if a

device design can only achieve low modulation depth, its resolution limit – defined

by the minimum feature size that remains distinguishable – still falls within the

range of several hundred micrometres. The measured resolvable resolution is also

along the lines of the diffraction limitations of the THz imager in use, suggesting

that the current design is at least compatible up to the limitations imposed by the

imager [6].

When empirically exploring theoretical resolution limits from Equation 2.17
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using the calculated effective carrier lifetime from Chapter 5, the diffusion length

is expected to be on the order of 10 µm. This is considerably smaller than the

340 µm attained experimentally. The reason for this comes from the THz diffraction

limits imposed by the THz imaging setup whereby the greater resolution achievable

by the silicon is not fully realised by the current imager setup.

6.2.3 Frame Rate

In order to achieve practical THz modulation for real-time imaging, the spatial light

modulator must be capable of rapid, repeated switching. The expected maximum

operational frame rate is determined by two primary limitations: the refresh rate

of the DMD, and the recombination lifetime of photoexcited charge carriers in the

silicon wafer. As demonstrated in Chapter 5, the high-resistivity float-zone silicon

used in this work exhibits sub-microsecond carrier lifetimes under moderate to high

excitation intensities.

The DMD device employed supports pattern switching rates exceeding 10 kHz,

enabling dynamic optical patterning of the silicon surface. Provided that carrier

recombination occurs within comparable or shorter timescales, the modulator is

expected to respond dynamically to each DMD refresh cycle, avoiding charge ac-

cumulation, latency, or image smearing [178]. This sets the upper bound on frame

rate operation.

However, from a theoretical standpoint, increasing the frame rate also reduces

the total exposure time of the silicon to each excitation pattern, thereby decreas-

ing the time available for carrier generation. Under such conditions, the generation

rate may not fully replenish the carrier density between cycles, potentially resulting

in lower modulation depth. Therefore, it is anticipated that modulation contrast

might degrade at higher frame rates due to a reduced carrier population — partic-

ularly if carrier lifetime and photon flux are not sufficient to maintain full optical

saturation during rapid cycling.
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To test this hypothesis, a series of modulation experiments were performed

using dynamic checkerboard patterns projected at varying frame rates, from static

operation up to 10 kHz. THz transmission images were captured synchronously

to assess spatial fidelity and contrast across frames. The modulation depth was

measured as a function of pattern rate to determine the maximum frequency at

which stable modulation could be sustained.

0 2 4 6 8 10Frame Rate (kHz)28.0

28.5

29.0

29.5

30.0

Modula
tion De

pth (%
)

Average MD - 29.2%
Experiment

Figure 6.5: Data collected using the Terascan 1550 system for a series of modu-
lator frame rates between 0 and 10 kHz and their corresponding modulation depths.

As shown in Figure 6.5, the modulation contrast remained effectively con-

stant across the tested range, with no significant degradation observed up to 10 kHz.

This experimental outcome confirms that the carrier dynamics in the silicon sample

are fast enough to support repeated high-speed switching with no appreciable loss of

contrast. The observed behaviour validates the hypothesis that the system operates

within the bounds set by the DMD’s refresh capabilities and silicon’s recombination

timescales.

Interestingly, despite theoretical predictions of reduced carrier density at shorter

exposure times, the high photon flux and short carrier lifetimes appear sufficient

to ensure full carrier replenishment within each modulation cycle. This allows the
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modulation depth to be preserved, even under high speed operation.

These results demonstrate that the photoexcited silicon modulator is capable

of operating at real-time video frame rates — a critical requirement for practical

THz imaging applications. The ability to maintain modulation contrast at 10 kHz

confirms that the combination of high-speed optical patterning and fast carrier

dynamics in silicon results in a spatial modulator well-suited to rapid THz imaging,

including dynamic materials characterisation and security screening scenarios.

6.3 Conclusion

The spatial selectivity achieved through DMD projection in Chapter 4, paired

with the THz imager enabled validation of the theoretical resolution limits im-

posed by the diffusion length, derived in Equation 2.17. From imaging of the

modulator, we determined a maximum modulation depth capability of 29%, lim-

ited by the silicon surface recombination properties discussed in Chapter 5. Ad-

ditionally, imaging of a variety of checkerboard patterns suggests the minimum

resolvable resolution for this particular design is approximately 340 µm, which cor-

responds to approximately 0.62λ at the operational frequency of 550 GHz. This

resolution approaches the theoretical diffraction limit, supporting the effectiveness

of the modulator in high-fidelity THz imaging. This also shows that despite the

lower modulation depth capability, the resolution remains high near the diffraction

limit. Finally, analysis of dynamic changes shows the design is capable of frame

rates along the order of that imposed by the DMD.

For typical HRFZ silicon wafers used in THz modulation, longer-lifetime wafers

can, in ideal conditions, achieve modulation depths exceeding 50–60%, particularly

when paired with high-intensity optical excitation. By contrast, our wafer with

a lower anticipated lifetime of 1.6 µs only supports a lower maximum modulation

depth, under similar high pump fluence and wafer thickness. While this is still sub-

stantial for many applications, particularly in imaging and dynamic field mapping,
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it is not optimal for goals such as ultra-high contrast modulation.

However, in terms of spatial resolution, the carrier lifetime has a less direct

but still important role. A longer lifetime allows carriers to diffuse farther before

recombining, which reduces spatial sharpness and can blur fine features in time-

resolved THz images or patterned modulators. A 1.6 µs lifetime suggests little

diffusion, thereby retaining relatively good spatial resolution compared to very

long-lifetime wafers, matching the result of 340 µm diffraction limited resolution

found. This is advantageous for applications requiring high spatial fidelity, such as

THz near-field imaging or holography. Therefore, by balancing reasonable contrast

typical of long-lifetime silicon, and the better resolution and frame rate capabilities

of short-lifetime silicon, this design becomes well suited for integration into the THz

imager which relies on its high resolution and frame rate capabilities.

122



Chapter 7

Summary and Outlook

This thesis has presented a comprehensive investigation into the design, fabrica-

tion, and characterisation of a novel spatial THz light modulator. This work was

motivated by the persistent challenges associated with the so-called “THz gap”

and the need for efficient, high-speed modulation devices that can be seamlessly

integrated into advanced THz imaging systems. In summary, the research has ad-

dressed key limitations in modulation speed, efficiency, and device integration by

utilising innovative approaches rooted in semiconductor photoexcitation and digital

micromirror technology.

In Chapter 1, an extensive overview of THz technology was provided, placing

the work within the broader context of electromagnetic research and its manifold

applications. It was demonstrated that the unique properties of THz radiation –

its non-ionising nature, ability to penetrate non-metallic materials, and the asso-

ciated spectroscopic capabilities – make it a valuable tool for applications ranging

from medical diagnostics and security screening to non-destructive testing in in-

dustrial settings. Nonetheless, the limitations inherent in conventional electronic

and photonic systems have long hindered the exploitation of this spectral region,

thereby motivating the pursuit of alternative modulation strategies.

The theoretical underpinnings of the THz modulator were rigorously developed

in Chapter 2. A detailed framework was established by analysing silicon’s elec-
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tronic properties, particularly its indirect band gap, charge carrier dynamics, and

recombination mechanisms. The application of the Drude model, along with plasma

frequency analysis and the derivation of the complex dielectric function, provided

a robust basis for understanding how photoexcitation influences the electro-optical

properties of silicon. These theoretical insights not only informed the design of the

modulator but also later facilitated quantitative predictions of modulation depths

under varying excitation conditions.

Chapter 3 described the experimental methodologies and procedures that

were central to this investigation. Advanced fabrication techniques – including

High Resistivity Float Zone (HRFZ) wafer production, Focused Ion Beam (FIB)

milling and Transmission Electron Microscopy (TEM) – were employed to prepare

and analyse the high-purity silicon wafer. The integration of a Digital Micromirror

Device (DMD), characterised in Chapter 4, allowed for the spatially resolved

projection of dynamic optical patterns onto the silicon substrate. This, in turn,

enabled localised photoexcitation, resulting in a reconfigurable modulator capable

of dynamically altering THz wave propagation. Detailed assessments of resolution,

frame rate, and power efficiency were undertaken, and the experimental results

were corroborated by simulation data, thus confirming the efficacy of the modulator

design.

Chapter 5 was dedicated to the in-depth characterisation of silicon, emphas-

ising its suitability for THz modulation. Systematic analyses of wafer resistivity,

carrier mobility, and etalon effects provided further insight into how photoexcita-

tion influences the material’s optical and electronic properties. This chapter high-

lighted the delicate interplay between excitation intensity, wavelength, and the

resulting modulation depth, establishing a solid experimental foundation on which

the modulator’s performance could be evaluated and optimised. Importantly, it

was found that the silicon wafer in our design likely has an effective carrier lifetime

of only 1.6 µs, far shorter than the typical silicon wafer used in THz modulators.

Additionally, it was discerned that the shorter lifetime was most likely due to sur-
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face recombination states limiting the faster intrinsic effects of the silicon’s bulk

material.

In Chapter 6, the integration of the modulator with a state-of-the-art THz

imaging system was explored. The application of the modulator in an imaging

context highlighted its theorised capabilities of high resolution near the diffraction

limit of 340 µm. Additionally, analysis of frame rate dependence on modulation

depth showed that the shorter lifetime silicon achieved remarkably effective per-

formance up to at least 10 kHz in contrast to its longer lifetime counterpart which

theoretically would have performed worse. This proof-of-concept study validated

the modulator’s applicability in real-world imaging scenarios and paves the way for

its further refinement.

Looking ahead, several avenues for future work have been identified. One

promising direction is the optimisation of the photoexcitation parameters, such

as the excitation wavelength and intensity profile, to further increase modulation

depths and operational speeds. In addition, the integration of novel semiconductor

materials – for example, graphene or indium phosphide – may offer superior charge

carrier mobility and tunability, potentially leading to modulators with even higher

efficiency and broader bandwidth capabilities than that of the current bare silicon

design.

While it was determined that the silicon in this modulator design can achieve

diffraction limited resolution and extremely high frame rates, the contrast offered

was perhaps lower than ideal. Better balancing of the modulation depth by slightly

reducing surface recombination effects would improve the contrast perhaps past

50%, while still ensuring that the modulator achieves near diffraction limit resolu-

tion and does not impede the THz imager’s fast frame rate capabilities.

Another potential area of exploration is the incorporation of machine learning

algorithms to optimise the dynamic patterning provided by the DMD. By utilising

intelligent control systems, it may be possible to further enhance the spatial resolu-
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tion and frame rate of the modulator by taking advantage of the sub-wavelength res-

olution potential provided by the DMD. This exploration could therefore broaden

the modulator’s applicability in high resolution THz imaging and communication

systems.

Finally, the translation of this technology from a laboratory prototype to a

fully integrated, deployable system remains a significant challenge. Future research

should focus on the practical aspects of device packaging, scalability, and robustness

under diverse operating conditions. In this context, collaboration with industry

partners could facilitate the development of commercially viable THz modulators

that meet the rigorous demands of modern applications while also abiding by the

intricate component synthesis rules highlighted in this work.

In conclusion, the research presented in this thesis seeks to enhance our under-

standing in the field of THz modulator design for the purpose of implementation

in imaging applications. By successfully integrating advanced material character-

isation, innovative fabrication techniques, and state-of-the-art optical modulation

strategies, this work not only addresses longstanding technical challenges but also

opens new pathways for future technological developments. The insights gained

herein provide a solid foundation for subsequent explorations, and the proposed

future directions offer a clear roadmap for achieving even greater advancements in

THz technology.
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Appendix A

FIB, TEM, and EDS System

Diagrams

This appendix contains information concerning the Focused Ion Beam (FIB) milling

system used for silicon lamella preparation described in Chapter 3. Additionally,

information on the Transmission Electron Microscopy (TEM) and its subsystem

for Energy-Dispersive X-ray Spectroscopy (EDS) is covered. These systems are

used in Chapter 5 for silicon characterisation.

A.1 FIB Lamella Preparation

Preparing a sample for TEM using FIB is a precise process aimed at producing an

electron-transparent lamella while minimising artefacts. The first step is depositing

a protective layer over the region of interest to shield it from ion-induced damage,

amorphisation, and redeposition as seen in Figure A.1 a). This layer is typically

0.5–2 µm thick and is composed of platinum (Pt). Electron-beam-assisted depos-

ition results in a thinner, uniform layer with minimal ion-induced defects, making

it ideal for delicate samples such as semiconductors.
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A.1. FIB Lamella Preparation
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Figure A.1: TEM sample preparation using FIB milling. a) Deposition of a
platinum protective layer on the silicon sample. b) Coarse milling with high energy
gallium ion beam perpendicular to sample. c) Location of finer resolution milling
cuts 1 - 4 with cuts 2 - 4 being done at 52 degrees to the sample. d) Attachment
of omniprobe with platinum acting as adhesive prior to cut 4 which separates the
lamella from the sample. e) Positioning and attachment of the lamella to the TEM
copper grid. f) Thinning process for the lamella consisting of coarse and then fine
milling from a perpendicular gallium ion beam.

After deposition, bulk milling is performed using a high-current Ga+ ion beam

at 20–30 kV and 10–30 nA to rapidly remove material and isolate the lamella

through trench milling seen in Figure A.1 b). Controlling the beam’s angle and

scan pattern minimises redeposition effects. In c) we see the finer trench cuts 1-4

using the same technique but with less power. Cut 1 is performed perpendicular to

the sample, while cuts 2-4 are performed at a tilted 52° to the sample. The lamella

is then ready for extraction and transfer to a TEM grid using a micromanipulator

omniprobe. The probe is attached to the sample via ion-beam-induced platinum

deposition in d), securing a stable connection. The sample is freed from the bulk

material using low-current FIB milling to prevent stress fractures before being lifted

onto a TEM grid in e), commonly copper or molybdenum, and permanently affixed

with further platinum deposition.

Final thinning shown in Figure A.1 f) ensures electron transparency, typic-

ally reducing the sample to below 100 nm. This process is carried out in stages using

progressively lower ion beam currents. Intermediate coarse thinning at 50–100 pA
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A.2. TEM Schematic

and 5–8 kV refines thickness while limiting damage. A final low-energy ion fine

polish step at 2–5 kV with ion currents below 50 pA removes amorphisation lay-

ers, gallium implantation, and curtaining artefacts, improving sample quality. The

final thickness depends on analytical needs but typically ranges between 30 and

100 nm.

Challenges such as gallium implantation and curtaining effects require precise

control of milling parameters, beam scanning patterns, and a final low-energy pol-

ishing step. These refinements ensure high-quality samples suitable for advanced

TEM analysis.

A.2 TEM Schematic

The TEM microscope consists of several key components that work together to

generate high-resolution images as shown in Figure A.2. The electron source

(electron gun) produces a high-energy beam, typically through thermionic or field

emission. This beam is controlled by a condenser lens system, which ensures proper

focus before interaction with the sample. The specimen holder and stage position

the thin sample (prepared using FIB milling) precisely. The objective lenses form

the primary image, aided by an objective aperture that enhances contrast by fil-

tering scattered electrons. Additionally, a selected area aperture is found in this

imaging and diffraction patterning section and is responsible for enabling Selected

Area Electron Diffraction (SAED) imaging. Intermediate and projector lenses fur-

ther magnify the image, which is then captured using fluorescent screens, Charge-

Coupled Devices, or direct electron detectors. Since electrons are easily scattered

in air, the system operates under ultra-high vacuum conditions.

The principles of TEM are based on the interaction of a high-energy electron

beam with an ultra-thin sample. The electron gun generates a beam, which is

accelerated to energies between 80 keV and 300 keV, allowing for atomic-scale

imaging due to the short electron wavelength. When electrons pass through the
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A.3. EDS Schematic
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Figure A.2: TEM schematic depicting three main sections and their respective
components. The sections are an electron illumination system, imaging and dif-
fraction patterning, and a magnification system.

sample, they experience elastic scattering, where their direction changes without

energy loss, and inelastic scattering, where they lose energy, producing secondary

signals such as X-rays. The transmitted and scattered electrons form an image,

with contrast arising from differences in thickness, density, and composition. The

final image is magnified and detected, revealing structural details down to atomic

resolution.

A.3 EDS Schematic

The principle of EDS is based on inelastic electron scattering. When the high-

energy electron beam in TEM interacts with the atoms in a specimen, as seen in
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A.3. EDS Schematic
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Figure A.3: a) Schematic of an electron gun firing electrons towards a silicon
sample through an objective lens, leading to some transmission electrons, and some
characteristic X-ray emission which is captured and detected. b) Silicon electron
orbital diagram depicting an inbound electron displacing a K1 and being replaced
by an L2 electron after it emits X-ray energy.

Figure A.3 b) it can eject an inner-shell electron, creating an electron vacancy. To

restore stability, an electron from a higher energy shell transitions to fill the vacancy,

releasing energy in the form of an X-ray photon. The energy of this emitted X-

ray corresponds to the specific element’s atomic structure, allowing identification

through an energy spectrum.
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Appendix B

Super Continuum Schematic

Diagrams

This appendix contains information concerning the NKTEvo SuperK and Titanium

Sapphire lasers. These lasers, and their corresponding methods, are discussed in

Chapter 3, and they are used for characterisation in Chapter 4 and Chapter 5

respectively. The NKTEvo SuperK laser is used to characterise the power efficiency

of the DMD, and the Ti:Sapphire laser is used to characterise the wavelength

dependence of silicon’s modulation depth.

B.1 Ti:Sapphire Schematic

The MSquared SolsTiS Ti:Sapphire laser used in this work has a bowtie cavity

configuration as seen in Figure B.1 a). In this arrangement, two curved mirrors

focus the intracavity beam into a tight waist within the gain medium (which is

the titanium-doped sapphire crystal), enhancing the mode matching efficiency and

reducing beam divergence. The remaining two mirrors in the cavity are typically

flat, with one serving as an output coupler, partially transmitting intracavity ra-

diation to produce the final laser output, and the other is a piezoelectric actuator

used for cavity length stabilisation.
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B.2. NKTEvo SuperK Schematic
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Figure B.1: a) A bowtie cavity which forms a tight intracavity beam in the
titanium-doped sapphire crystal gain medium. Both the optical pump beam and
tuned laser output pass through a partially transparent mirror. Additionally, a
piezoelectric actuator is used for cavity length stabilisation. b) An energy band
diagram for the titanium ions in the sapphire crystal depicting the process of excit-
ation from a 532 nm pump source, collisional relaxation, and eventual stabilisation
into a ground state vibronic level producing 650-1100 nm radiation.

The energy bands of the gain medium are depicted in Figure B.1 b). This

medium is doped with titanium ions at a low concentration of around 0.1%. When

exposed to the optical pump, which is 532 nm, these ions become excited to a high

energy state. Over time, these excited ions undergo collisional relaxation into a

metastable state. Finally, ions return to the ground state, specifically into one of

several potential vibronic levels. During this process, wavelengths between 650 and

1100 nm are produced depending on which vibronic level the ions move to.

B.2 NKTEvo SuperK Schematic

The laser generates a super continuum by first generating a mode-locked ytterbium

seed laser at 1064 nm. This is then fed into a fiber amplifier [179] to boost the seed

laser power up to 10 W as seen in Figure B.2 a). This is achieved by ytterbium

ions (Yb3+) in the fiber being excited creating a population inversion leading to

stimulated emission. Now to generate the super continuum, the boosted laser

is fed into photonic crystal fibers [180]. This process induces nonlinear optical
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B.2. NKTEvo SuperK Schematic
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Figure B.2: a) The NKTEvo SuperK with a 1064 nm seed laser leading to a yt-
terbium doped fiber amplifier, boosting the output power to 10 W. This is then fed
into photonic crystal fibers with built-in microstructures to create the broadband
output (400-2400 nm). b) The SuperK Select schematic depicting a Tellurium Di-
oxide crystal with a piezoelectric transducer. The transducer generates ultrasonic
waves to alter the crystal’s refractive index which now acts like a diffraction grating
on the inbound NKTEvo beam, generating tunable zeroth order waves as a spectral
filter. c) A flowchart for the full super continuum laser system starting with the
NKTEvo laser source, leading to the SuperK Select spectral filter, then the SuperK
Connect which couples the output into the SuperK FD8 fiber output cables.

effects such as self-phase modulation, four-wave mixing, and stimulated Raman

scattering, resulting in a broad and continuous spectrum covering the ultraviolet

to near-infrared regions.

To achieve precise wavelength selection within this broad spectrum, the Su-

perK Select module is employed as seen in Figure B.2 b). Utilising acousto-optic

tunable filter technology, the SuperK Select allows for rapid and accurate tuning

across multiple wavelength bands [181]. The filters are made from either Tellurium

Dioxide (TeO2) or quartz (SiO2) and are attached to a piezoelectric transducer.

The transducer generates ultrasonic waves into the crystal causing a period vari-

ation in the refractive index which act as a phase grating to diffract the super

continuum laser. This acts as a variable spectral filter on the laser such that by

altering the ultrasonic waves, we vary the most efficiently diffracted waves being

153



B.2. NKTEvo SuperK Schematic

generated according to the Bragg condition. Using this, the SuperK Select covers

tuning ranges such as 500-900 nm (VIS-nIR - our use case), 640-1100 nm (nIR1),

800-1400 nm (nIR2), and 1100-2000 nm (IR), depending on the specific crystal

installed.

For stable and efficient fiber delivery of the super continuum light, the SuperK

Connect system is utilised. This high-performance fiber delivery system ensures

easy and stable single-mode coupling that can be disconnected and reconnected

without alignment. The SuperK FD8 fibers cover the 400-2000 nm spectrum, and

users can choose from various termination options, including FC/PC connectors or

high-quality collimators, facilitating seamless integration into experimental setups.

The full super continuum flowchart is shown in Figure B.2 c) depicting the laser,

the spectral filter, the fiber connector, and the fiber output for the system.

The NKTEvo laser system, along with its SuperK Select and SuperK Connect

modules, is controlled via NKT Photonics’ proprietary software, SuperKontrol.

This intuitive interface allows customisable laser operation parameters, including

wavelength tuning, power control, and pulse configuration. The software supports

real-time adjustments and monitoring, ensuring precise control over experimental

conditions and facilitating efficient data acquisition.
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Appendix C

Thermal Mount Schematics, and

DMD Mirrors

This appendix contains information regarding the final THz modulator design in

Chapter 3, specifically a focused view of the custom thermal mounting solution,

and analysis of the DMD mirrors from the Vialux V7000 device used in the mod-

ulator from Chapter 4.

C.1 Thermal Mount Design

The high intensity production of optical radiation from the diodes discussed in

Chapter 3 required an effective cooling mount to ensure the diodes remained

at optimal operating temperatures, ensuring prolonged use. Initial testing was

conducted with a simplistic mount seen in Figure 3.6 which was an aluminium

block, engineered to hold the diode without any active cooling elements. After

analysing thermal images of the mount, it was found that significant thermal build

up was occurring around the diode, potentially leading to diode deterioration. To

prevent this, a custom mount was designed and built to actively dissipate this build

up.

Figure C.1 depicts the thermal mount utilised in this work consisting of
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C.1. Thermal Mount Design

a TECF2S thermal cooling element and Kryosheet cooling elements discussed in

Chapter 3. The mount is split into three sections, and upper cold plate, a lower

hot plate and the separating cooling elements between these two plates. The upper

plate is where the diodes were placed and powered by the SR9HF-DB9 cable. To

secure the diodes to the plate, an additional front plate is used which matched the

shape of the diodes to maximise contact and ensure effective thermal dissipation

from the diode into the upper mount. The upper mount is then separated from the

lower mount entirely by the active cooling elements to enable the cooling elements

to effectively control the amount of dissipation taking place.

Upper mount 

(cold plate)

Lower mount 

(hot plate)

TECF2S

Kryosheet 1

Kryosheet 2

Figure C.1: The final custom thermal mount design consisting of an upper (cold
plate) and lower (hot plate) mount, separated by the cooling elements of Kryosheets
and TECF2S. The upper plate is where the diode is situated and powered by the
SR9HF-DB9 cable shown. There is a front plate securing the diode to the upper
mounting plate.

An MPT2500 controller unit is used along side a TH10K thermistor to monitor

and control the cooling provided by the TECF2S unit. To monitor the temperature

of the upper mount and thereby also the diode, the TH10K thermistor is attached

to the upper mount via the use of EC360 thermally conductive glue. This glue

is stated to have 2 W/mK of thermal conductivity which should be more than

adequate for all our use cases. The 1.8 mpa bond strength ensures the glue can
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C.2. DMD Mirrors and Terminology

effectively attach the thermistor directly to the aluminium casing used without

concerns of the thermistor detaching.

Adjustments to the temperature and gain potentiometers on the MPT2500

controller board while monitoring with the thermal camera sets the mount to ma-

nipulate the temperatures of the upper mount to within a reliable range for diode

operation. Tests showed the upper mount remained at approximately 20◦C while

the lower mount never exceeded 65◦C as seen in Chapter 3. The lower mount has

a typical heat sink design engineered into it to ensure dissipation of collected heat

into the air.

C.2 DMD Mirrors and Terminology

In Chapter 4, extensive characterisation of the DMD is covered. The DMD is a

device consisting of millions of micron sized mirrors whose dimensions were listed

by the manufacturer but were verified in Figure C.2 a) with the use of a light

microscope.

Mirror Pitch

Mirror Lengtha) b)

13.7 µm

12.7 µm

Figure C.2: a) The image of the DMD mirrors when captured with a light
microscope. b) Diagram explaining the differences in terminology for mirror length
and pitch which were found to be 12.7 and 13.7 µm respectively.

By taking the magnification of the light microscope system, and comparing a

grid of known dimensions to that of the DMD mirrors, the dimensions of the mir-

rors can be calculated. Figure C.2 b) shows the results of the calculations with
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C.2. DMD Mirrors and Terminology

explanation for the common terminology used where mirror length is the actual

height and width of the square mirrors in question, and mirror pitch is the dimen-

sions for both the mirror length in combination with the gap between the mirrors.

Having accurate measurements for these quantities is vital for the simulation posed

in Section 4.4.1 which takes into account the mirror pitch dimensions.

In addition to enabling calculations for the mirror dimensions, Figure C.2 a)

also enables examination of the condition of the DMD. Over time, it is not uncom-

mon for the mirror array to have some variation in the float state of the mirrors such

that when in float state (between ’on’ and ’off’), the mirrors are not all completely

flat. This lack of complete relaxation can indicate some of the mirrors are no longer

functional and the ’on’ and ’off’ states will not be entered as expected. By looking

at the mirrors in the float state here, we can verify that the mirror reflections are

similar and in all likelihood, the vast majority of the array is functional and the

DMD is in good working condition.
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