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Abstract

The terahertz region of the electromagnetic spectrum is typically considered to be be-
tween 100 GHz to 10 THz, with large swathes of this mostly unoccupied frequency range
ripe for applications benefiting from high bandwidth. Unfortunately, terahertz sources
are inefficient and typically low power, hindering the broad adoption of devices operat-
ing at these high frequencies due to low signal to noise ratios; this is further exacerbated
by highmaterial and path losses. Tomaximise the precious transmitted and received ter-
ahertz power, quasi-optical components can be used to focus energy onto targets to im-
prove detection sensitivity and spatial resolution, as well as concentrate power towards
other antennas for long range transmission. Drastic improvements in 3D-printing tech-
nologies over the last few decades have unlocked new quasi-optical designs that take
advantage of geometries previously inaccessible to traditional manufacturing methods.

Amajor challenge with 3D-printing for terahertz applications is finding appropriate ma-
terials with low dispersion and minimal dielectric losses for building electrically large
structures, while maintaining low prototyping cost and fast turnaround time. Materials
commonly used to 3D-print components for the microwave domain are typically lossy at
terahertz frequencies, necessitating phase wrapping techniques to minimise thickness,
ultimately limiting bandwidth. Fortunately, cyclic olefin copolymer (COC) features low
dispersion and low dielectric loss for terahertz waves, while also being easy to 3D-print
with consumer grade hardware, permitting terahertz systems to be rapidly prototyped
at low cost. In essence, COC has emerged as the choice material for 3D-printed quasi-
optical components for the terahertz range.

This thesis showcases how I use COC and a small fleet of consumer grade 3D-printers to
build a variety of terahertz quasi-optical systems for non-destructive testing applications.
For systems requiring high bandwidth beam-steering, a Risley-prism serves as the core
beam manipulation device. Comprised of two counter-rotating COC prisms, the Risley-
prism is a simple solution to a lack of effective beam-steering in the terahertz domain.
The first of three projects in this thesis combines additional aspherical components with
the Risley-prism, forming a functional 3D-printed terahertz imaging system capable of
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acquiring detailed near-field images. Second, in order to capture sub-wavelength fea-
tures indistinguishable by the Risley-prism system, a dark-field setup was developed to
drastically enhance terahertz image contrast. Enabled by the complex geometry afforded
by 3D-printedCOC, this novel dark-field architecture also incorporates bright-field imag-
ing capabilities, allowing for the simultaneous capture of bothmodes, eliminating recon-
figuration time necessary for the sequential systems that exist in literature. The third and
final system makes use of 3D-printed lenses to enhance the unprecedented observation
of charge carrier dynamics in active semiconductor devices due to terahertz plasma reso-
nance. Using discrete semiconductor components such as diodes and transistors asweak
reflective modulators, bias signals buried inside are recovered with terahertz probing.
The design of each system is shown in detail and evaluated using a series of experiments
intended to represent a real-world application, illuminating new uses for terahertz tech-
nology. Future terahertz research will also make use of this work to inform and assist
in the development of 3D-printed quasi-optical systems, primarily for but not limited to
non-destructive testing purposes.
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Statement of Impact

The work contained within this thesis has direct impact on the research community and
potential impact on wider society in a number of ways. Generally, the advancement
of 3D-printing capabilities demonstrated in this work will help to accelerate terahertz
research by reducing the cost of entry and turnaround time for custom low-loss tera-
hertz optics. Previously, the Terahertz engineering laboratory was typically constrained
to commercial off the shelf quasi-optical components, which limited the types of optical
setups to relatively simple configurations. Cyclic Olefin Copolymer (COC) has been of
interest to the terahertz community for some time as a choice material for optical com-
ponents but historically has been dismissed due to difficulties with 3D-printing. Now
that the 3D-printing capability has been developed over the course of my candidature,
other researchers can realise their complex ideas in a short timeframe at low cost, rather
than waiting for an overseas manufacturer to produce the same components. Our col-
laborators, both domestic and international, have benefited from discussions on this 3D-
printing work, helping them establish their own in-house capabilities. Wider society
benefits from this aspect of the research as it accelerates the development of potential
beneficial terahertz technologies.

Established literature on the terahertz measurement of semiconductor devices primarily
focuses on the determination of offline material properties, such as dopant levels, as the
acquisition speed of traditional terahertz time-domain spectroscopymethods are not fast
enough to capture operational activity. Thework in the latter portion of this thesis which
pertains to semiconductor probing has established a novel technique for the terahertz
measurement of solid-state devices in operation. This will likely open new approached
for quality control and device monitoring in the semiconductor and security industries.
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Outline

This thesis is divided into three parts, which are each subdivided into chapters.

Part I: Context—contains the chapters which introduce and provide background infor-
mation on terahertz technology.

Chapter 1: Introduction—introduces terahertz technology and provides a broad re-
view of the literature. This chapter also focuses on 3D-printing and quasi-optics in
terahertz research.

Part II: Original Contributions—consists of three self-contained chapters, which are
the journal articles I have authored over the course of my candidature.

Chapter 2: Terahertz Imaging With 3D-Printed Risley-Prism and Telecentric
Objective—is a terahertz imaging systembased on a 3D-printedRisley-prism and sup-
porting quasi-optical components.

Chapter 3: Non-contact Probing of Active Semiconductor Devices Using Tera-
hertz Waves—is a dual-mode terahertz imaging system, able to acquire bright- and
dark-field images for enhanced contrast.

Chapter 4: Non-contact Probing of Active Semiconductor Devices Using Ter-
ahertz Waves—is a more standard quasi-optical setup which enables the unprece-
dented measurement of charge carrier dynamics within active semiconductor compo-
nents.

Part III: The End—summarises and concludes the thesis.

Chapter 5: Conclusion and Outlook—concludes the thesis with some general re-
marks and future outlook.
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Chapter 1

Introduction

1.1 Terahertz Technology

As radio spectrum on the order of megahertz and gigahertz frequencies becomes more
crowded due to the exponential growth in wireless devices, researchers continuously
look to push the limits of operating frequency. Continuing this monotonic increase in
operation frequency will inevitably lead to an encounter with ‘terahertz radiation,’ a
mostly underutilised region of non-ionising spectrum with ample bandwidth for a host
of applications which will be discussed throughout this thesis. However, simply scaling
conventional microwave designs up, or photonic designs down, typically fails to meet
engineering requirements.

There is some debate within the research community over how much of the electro-
magnetic spectrum falls underneath the terahertz banner, as those with a microwave
engineering background may or may not consider 100 GHz to be far beyond any practi-
cal limit of traditional design philosophy and material selection, while those of photonic
inclination may group such frequencies with mains electricity. Hyperbole aside, for the
purpose of this thesis, the terahertz region of the electromagnetic spectrum is considered
to lie within 100 GHz to 10 THz [3], as illustrated in Fig. 1.1.

A major challenge in the advancement of terahertz technology is the position of the re-
search gap between electronic and photonic domains, where we cannot directly apply

Terahertz
Electronics Photonics

100 mm 10 mm 1 mm 100 um 10 um 1 um

1 GHz 10 GHz 100 GHz 1 THz 10 THz 100 THz 1 PHz

Figure 1.1: Spectrum of the terahertz region.
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1.2. Motivating Applications

the centuries of accumulated knowledge from either field. Terahertz researchers must
essentially blend the two disciplines together, while also creating new fundamental re-
search. Quasi-optics serves as a prime example of this idea, borrowing mainstream op-
tical design concepts, too electrically large for sub-terahertz frequencies, and combining
them with established microwave architectures. Moreover, a core concept throughout
this thesis is that the fabrication constraints for terahertz quasi-optics are relaxed due to
themillimetre-scalewavelength, permitting the use of affordable 3D-printing techniques
considered too imprecise for visible or infrared optics.

1.2 Motivating Applications

In this section I shall discuss some of the applications that have motivated the invest-
ment of time and money into fundamental terahertz research over the past few decades.
Broadly speaking, the applications of terahertz technology can be grouped into three
main areas: non-destructive testing (NDT), typically near-field sensing or imaging of
samples for quality assurance or defect detection; ranging, longer distance detectionwith
reduced spatial information; and communications, transmitting data between devices at
range.

These application areas exist due to several favourable factors, the first of which is that
terahertz waves can traverse many non-conductive materials including, but not limited
to, plastics, paper, and clothing, while also being strongly absorbed by polar molecules
such as water [4]. For terahertz NDT and ranging applications in particular, this is an
advantage over infrared or visible-light based systems, which struggle or fail to pene-
trate packagingmaterials or clothing. Lower-frequencymicrowave andmillimetre-wave
devices such as airport body scanners are transparent to many of these non-conductive
materials. However, terahertz waves much have higher spatial resolution due to their
shorter wavelength [5]. This positions terahertz waves in a middle-ground of sorts, hav-
ing the material penetration properties of microwave devices, but with improved spatial
resolution, closer aligned with infrared and beyond.

Where biological samples are concerned, terahertz radiation features low photon energy
on the order of milli-eV, too low to ionise atoms or molecules [6], making their use safe
for agricultural, biomedical, and handheld operator use. This is a strong advantage over
ultraviolet and x-raywavelengths, where high spatial resolution andmaterial penetration
comes at the cost of potentially destructive (depending on the target) probing.

Of benefit tomost applications is the large swathes of nearly unused bandwidth in the ter-
ahertz region of the spectrum. For NDT and ranging applications, the range resolution
is the distance at which the observer can distinguish two targets; this value is propor-
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Chapter 1. Introduction

tional to the bandwidth of the probing wave [7], [8]. Where range resolution is impor-
tant, such as detecting individual layers within a multi-layer structure, high bandwidth
is necessary. For communication applications, higher data rates depend on increasing
the channel bandwidth, necessary for the growing demand for greater capacity links [6].

1.2.1 Non-destructive Testing

Material Characterisation

The classical use case for terahertz waves since the 80s and 90s has been non-destructive
material characterisation with terahertz time-domain spectroscopy (TDS) systems [9],
[10], using setups such as the one shown in Fig. 1.2(i). Non-destructive testing of impor-
tant optical properties such as refractive index and absorption coefficient has proved in-
valuable in the development of terahertz technology itself. It is also well known that ter-
ahertz TDS can be applied to sensing of charge carriers in semiconductor materials [11],
[12], illustrated in the terahertz images of doped semiconductor regions in Fig. 1.2(ii) and
Fig. 1.2(iii). This is of particular importance to semiconductor manufacturing processes,
which assess dopant levels in wafers during production.

Molecular Spectroscopy

It is well known that many vibrational and rotational modes of molecules occur in the
terahertz region of the electromagnetic spectrum due to the corresponding low photon

(i)

(iii)

(ii)

Figure 1.2: Examples of terahertz material characterisation applications. (i) Reflection based terahertz
TDS setup for characterisation of doped semiconductors. Reprinted from [10], with the permission of AIP
Publishing. (ii) Observation of terahertz TDS transmission affected by ion implantation on silicon sam-
ple. Reprinted from [12], with the permission of AIP Publishing. (iii) Comparison between transmission
electron microscopy, infrared, and terahertz imaging for dopant regions in transistors. Reprinted with
permission from [11]. Copyright 2008 American Chemical Society.
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energy [13]. This has been one of the primary application development areas for ter-
ahertz research since terahertz TDS was first used to measure the absorption lines of
water vapour as mentioned earlier [14]. Since then, applications have expanded to de-
tecting the spectral fingerprints of solid compounds including illicit drugs [15] and ex-
plosives [16] for security applications. Another key application for terahertz molecular
spectroscopy is quality control in the pharmaceutical industry, where TDS systems com-
plement existing X-ray and infrared methods to provide information on tablet crystalli-
sation and porosity [17]. Furthermore, terahertz liquid sensing takes advantage of the
strong interactionwith dipoles, such as resonancewith hydrogen bonds, allowing for the
characterisation of polar liquids [18], [19]. Another historically important area of tera-
hertz spectroscopy research has been astronomy due to the presence of rotational modes
of gases in planetary atmospheres and cosmological formations [20], [21], [22]. Sensitiv-
ity to water is also critical as researchers seek to understand the origin and viability of
life on other planets and the formation of the universe [22]. These systems are found on
both ground-based and space telescopes [22], [23], [24].

Chip Failure Analysis

Time-domain reflectometry [25] is an important tool in the failure analysis of integrated
semiconductor circuits. By probing and measuring the reflections from a chip, opera-
tors can compare the response to a known healthy device to locate discontinuities in
impedance along conductive traces [26], [27]. Compared to conventional electronic sys-
tems operating at lower frequencies, these electro-optical terahertz pulse reflectometry
systems featuremuch higher bandwidth and thus temporal resolution. Large companies
such as NVIDIA use this technology as a first step in failure analysis to screen for faults
and inform additional methods to use [28], [29]. By identifying issues during and after
production, semiconductor fabrication processes can be tweaked to improve yields.

Biological Sensing

The non-ionising property of terahertz waves lends itself well to the imaging of biological
samples as the process is inherently and desirably non-destructive. The strong terahertz
absorption bywatermolecules provides high contrast on external skin conditions, shown
in pilot studies on skin conditions such as psoriasis and eczema [30], [31]. Figure 1.3(i)
shows the automated setup in [31], allowing for repeatable terahertz measurements of
the skin. Early ex vivo studies on detecting cancers with terahertz waves, such as in
Fig. 1.3(ii), demonstrated that cancerous and healthy tissue could be differentiated via
optical properties such as refractive index and absorption coefficient [32], [33]. The first
in vivo study of skin cancer with a handheld terahertz scanner demonstrated that skin
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Chapter 1. Introduction

cancers could be differentiated from healthy skin, but the confidence in diagnosis across
multiple measurements was low [34]. Generally, while terahertz waves can identify un-
healthy skin and tissues in controlled environments, much more work is required to
build confidence in diagnosis across patients.

Food Inspection

The low photon energy of terahertz waves is also beneficial in cases where the density
of the target may be low and unsuitable for NDT using X-ray. Food inspection has long
been a focus of terahertz research, showing promise in the detection of foreign material
in low density foods such as peanuts [35], crackers [36] and chocolate [37]. Terahertz
systems offer a fast solution with minimal health risk in environments where personnel
may be overseeing product lines.

Agricultural Sensing

Themonitoring of crops in agricultural settings is an emerging area of terahertz research,
where terahertz waves are sensitive to the internal structures and fluctuating moisture
content of plants. Fragile crops vulnerable to strong variations in weather often have to

(i) (ii)

Figure 1.3: Examples of terahertz biological sensing applications. (i) Demonstration of robotic acquisition
of terahertz reflection data for skin. Reproduced from Anubhav Dogra et al. [31]. Licensed under CC BY
4.0. (ii) Terahertz analysis and comparison of healthy, inflamed, and diseased skin. Copyright © Institute
of Physics and Engineering in Medicine. Reproduced from [32] by permission of IOP Publishing Ltd. All
rights reserved

(ii)(i)

Figure 1.4: Examples of terahertz food inspection. (i) Demonstration of peanut imaging with terahertz
gyrotron. Reprinted, with permission, from [36] © 2012 IEEE. (ii) Demonstration of terahertz imaging
to detect glass, stone, and metal contaminants in a chocolate bar. Used with permission of Jördens et al.,
from [37]; permission conveyed through Copyright Clearance Center, Inc.
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be manually assessed for moisture content, damage, and health, which is typically time
consuming and destructive. Terahertz waves can be used to monitor the moisture con-
tent of leaves over time, as shown in Fig. 1.5(i), potentially assisting in the optimisation
of watering schedules in order to reduce water usage on farms and inform harvesting
plans [38], [39]. Transmissive and reflective terahertz imaging of barley in laboratory
conditions has been successfully demonstrated in discriminating between healthy and
frost damaged seeds, shown inFig. 1.5(ii), assisting farmers in determiningwhether early
harvest is necessary [40]. Conventionally, such tests require samples from a spatially di-
verse set, in order to obtain meaningful results across large areas of land. The long-term
vision of these terahertz agricultural applications is to at least have handheld devices
for NDT purposes, and eventually move towards drone mounted non-contact terahertz
sensors to monitor crop health.

1.2.2 Ranging

The capacity to quickly measure distances accurately is necessary for a wide variety of
tasks, from early airspace surveillance systems developed in the 1930s around the time
of World War Two [41], to joint international effort in measuring gravitational waves
in the 2010s [42]. Most common infrared and visible light detection and ranging (Li-
DAR) systems measure the time of flight (ToF) from a pulsed laser source reflected by
a target, where range resolution is mainly limited by the timing resolution of the elec-
tronics [43]. The majority of pulsed systems in the terahertz domain fall under the TDS
umbrella, typically used in near-field NDT as mentioned earlier, so we will not mention
them here. Laser-based systems provide superior range-resolution, frequency response,
and dynamic range in well controlled conditions, but are confounded by dusty or foggy
environments due to scattering effects [44]. In such challenging environments, radio de-

(i) (ii)

Figure 1.5: Examples of terahertz agricultural sensing applications. (i) Assessing the moisture content of
clover over time with terahertz waves. Used with permission of Anton Shchepetilnikov et al., from [38];
permission conveyed through Copyright Clearance Center, Inc. (ii) Demonstration of terahertz NDT on
barley to determine healthy and frost damaged seeds. Reproduced fromW. S. L. Lee, et al., [40]. Published
by Optica Publishing Group under the terms of the OSA Open Access Publishing Agreement.
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Chapter 1. Introduction

tection and ranging (radar) systems across microwave to terahertz frequencies are popu-
lar, as they aremuchmore resilient to atmospheric disturbances and other visibly opaque
obstructions, as long as particles are significantly sub-wavelength.

Historically the development of radar technology has primarily driven by military appli-
cations [41], [45]. However, due to high atmospheric absorption and free space path loss,
terahertz development is better suited to serve a growing number of short-range civilian
applications. Of particular interest are frequency-modulated continuous-wave (FMCW)
radar systems, able to measure target distance and velocity by continuously sweeping
the transmitted frequency. The frequency difference between transmitted and received
signals is proportional to the range, and themeasuredDoppler shift is proportional to the
speed of the target [46]. The terahertz region is well suited for high resolution ranging,
as FMCW radar range resolution is proportional to bandwidth [46]. For example, the
FMCW radar imaging system displayed in Fig. 1.6 is presented in [47], achieving lateral
resolution of 1 mm and range resolution of approximately 1.875 mm over a bandwidth
of 80 GHz centred on 343 GHz. It is worth noting that the linearity of the frequency
modulation is important and influences the accuracy of a FMCW radar system [48],[49].
Thus maintaining linear sweeping over wide terahertz bandwidths is a key challenge.
Additionally, high-frequency terahertz components are smaller than their microwave
counterparts, relaxing space constraints, desirable for vehicle or robotic design where
room might be limited or come at a cost premium.

Security Screening

In the last few decades, millimetre-wave security scanning systems have become com-
mon in airports to screen for prohibited items, such as explosives and weapons, owing to
the moderately high imaging resolution allowing for more accurate discernment of hid-

(a) (b)

Figure 1.6: Example of high-resolution terahertz radar. (a) System block diagram, showing off-axis
parabolic mirror focusing system. (b) terahertz image of the sample under test, a pair of callipers. Re-
produced from Benjamin Baumann et al. [47]. Licensed under CC BY 4.0.
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den objects [50]. Terahertz based scanners are able to provide security personnelwith im-
ages of higher resolution due to the shorter wavelength, as demonstrated by the 300 GHz
body scanning radar in Fig. 1.7(i), able to show hidden objects and replica weapons on
a torso [51]. A limitation of current systems is the need for cooperative and stationary
targets, requiring people to stand in a set position for several seconds at a time; ide-
ally, a security scanning system would be ‘walk-through’ for higher throughput. These
systems, as shown in Fig. 1.7(ii), have shown great promise, obtaining high resolution
images despite challenging target conditions [52], [53].

Automotive

The number of sensors on passenger vehicles has been rapidly increasing, as automakers
include modern autonomous functionalities such as collision avoidance, signage iden-
tification, hazard classification, and more. In order to meet the requirements outlined
under autonomous driving standards [54], a forward measurement range of over 250 m
is expected [43]. Strong motivations for terahertz radar research are found in the au-
tonomous vehicle sector where ranges are in the order of a few hundred metres at fre-
quencies close to 100 GHz [55], [56]. Stationary FMCW ranging demonstrated at 150
GHz with a range resolution of 2.5 cm [57] showed reasonable results at a range of 12
m, under a variety of fog densities. Results showed good agreement with commercial
optical camera and ToF LiDAR systems, indicating adding terahertz sensors to the suite
of available technologies for automotive use is feasible. Additionally, frequency exten-
ders have been used to implement radar systems aimed at automotive applications in the
300–600 GHz range [58].

(ii)(i)

Figure 1.7: Examples of terahertz security screening applications. (i) Stationary terahertz FMCW radar
at 300 GHz, revealing hidden replica gun. Adapted from [51] © 2015 IEEE. (ii) Walk-through terahertz
FMCW radar at 290 GHz, revealing hidden replica gun. Reproduced from Ikari et al., [52]. Licensed under
CC BY 4.0.
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Vital Sign Sensing

Non-contact methods for measuring respiratory activity and heart rate in patients are of
importance in healthcare scenarios where physically attached probes are not viable or
patients may require strict quarantine controls, increasingly relevant in a post-pandemic
world [59]. Notably, terahertz waves have higher sensitivity to chest movement from
breathing and heartbeat, due to displacements close to the millimetre wavelengths of
terahertz waves. This in turn relaxes stand-off distance requirements to maintain ac-
ceptable signal to noise, shown in Fig. 1.8 is a 228 GHz radar used to measure heart rate
and respiration at 8 m [60]. It is worth noting that this system was successfully extended
to 50 m, at the expense of increased noise.

1.2.3 Communications

Terahertz technologies are expected to be a key enabling technology for the next gener-
ations of wireless networks [61], [62]. As mentioned previously, the capacity of a com-
munication link is proportional to the available bandwidth; fortunately there are large
swathes of spectrum up in the terahertz range that remain mostly unallocated [61], [63].
Unfortunately, free space path losses and atmospheric attenuation pose a significant
challenge formedium to long range links at these frequencies, as shown in Fig. 1.9. Addi-
tionally, photo-mixer sources are oftenused in conjunctionwith infraredfibre-optic com-
munication equipment to enable high data rates, but the terahertz components still suffer
from low power output and poor conversion efficiency [64], [65]. This limits potential
terahertz communications to within atmospheric windows, but presents an appealing
application for private and localised macro cell networks contained within walls which

(a) (b)

(c)

Figure 1.8: Example of terahertz vital sign detection application. (a) Photograph of the target at 8 m
distance. (b) Respiration and (c) heart rate from the target in (a), compared to ground truths. Adapted
from [60] © 2009 IEEE.

11



1.3. Sources and Detectors

attenuate the majority of terahertz energy [6]. Wireless terahertz links with 220 Gb/s
capacity can operate over 214 m at 300 GHz [66], showing promise for these short-range
links, useful for local backhaul communications.

1.3 Sources and Detectors

To realise the applications discussed previously, we of course need some way to gener-
ate and detect terahertz waves. On the one hand, the generally low output power and
efficiency of terahertz sources is still an ongoing challenge and a limiting influence on
the widespread adoption of terahertz technologies. On the other hand, over the past few
decades, terahertz detector technology hasmaturedwith sensitive devices that offer high
bandwidth. This leaves us somewhat unbalanced, with satisfactory detection capabilities
compensating for the lack of generation capability [4].

1.3.1 Schottky Barrier Diodes

The key technology supporting the original contributions of this thesis are Schottky bar-
rier diodes (SBD), primarily as waveguide-coupled multiplicative sources as shown in
Fig. 1.10 [67]. Utilising the non-linear properties of a SBD, terahertz frequency multipli-
ers up-convert the frequency of an input signal by a factor of 𝑁, allowing for doubling

1

105

0.1

106

100 200 300 500 1,000 2,000  3,000

10 dB per 1km

103

102

104

10 dB per 100 m

Long

10 dB per 10 km
101

10 dB per 1m Near field

Frequency (GHz)

At
te

nu
at

io
n 

(d
Bk

m
−1

)

Medium

Indoor
~625–725 GHz
~780–910 GHz

1

1

2

2

Figure 1.9: Transmission distance is limited by the attenuation, and the appropriate carrier frequency or
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and tripling operations over practically all of the terahertz range as shown in Fig. 1.11. By
chaining a series of multipliers together, with appropriate filtering for unwanted higher
order harmonics, terahertz signals can be produced from amicrowave-range source [68].
This is particularly useful for implementing test equipment, such as vector network anal-
ysers, signal generators, and spectrum analysers, for the terahertz range by extending
existingmicrowave range devices [21], [69]. The conversion efficiency of these devices is
moderate, typically ranging between 15–20%, coming at the expense of bandwidth [70].
A state of the art tripler in the 306–317 GHz range is capable of producing >100 mW of
terahertz power, at conversion efficiencies of >17% [71].

A downside to multiplicative sources is that phase noise degrades by 20 log𝑁, relative to
the input signal, meaning that generating terahertz waves with SBD multipliers beyond
the 1.5–2.0 THz range comes at the cost of significant noise. Further detail on mixing
architectures to overcome phase noise is available in Chapter 4.

SBDs are also commonly used as mixers and zero-bias square law detectors, where their

Figure 1.10: Sketch and schematic of a 440GHz frequency tripler, based onVirginia Diodes (VDI) Schottky
varactor diode chip. The waveguide block is split in the E-plane and the top half removed to expose the
circuits. The waveguide backshorts are machined in a fixed position. Adapted from [67] © 2007 IEEE.
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Figure 1.11: State-of-the-art frequencymultiplied sources based on Schottky diode. Data table: Jet Propul-
sion Laboratory [72], [73], [74], [75], [70], [76], [77], Virginia Diodes [78], [79], [80], Observatory of
Paris [81], ACST [82], [83], [84], [85], MTRC [86], [87], [88], [89], [90], Others [91], [92], [93], [94].
Reprinted, with permission, from [71] © 2025 IEEE

high sensitivity and fast response time in comparison to other detectors, such as Golay
cells, pyroelectric detectors and bolometers [95], is advantageous, particularly for com-
munications [61], [96], [97]. For practical consideration, SBD devices also permit room
temperature operation, in comparison to bolometer style detectors, which require active
cooling in order to detect the low energy terahertz waves below thermal noise.

1.3.2 Photo-Mixers

Early on inmy candidature, I investigated photo-mixers as a potential alternative to elec-
tronic multipliers for my NDT and ranging projects. Photo-mixers are devices that use
lasers to generate and detect terahertz waves, instead of multiplying radio-frequency
sources. Despite choosing multiplicative devices, I shall briefly mention photo-mixers
here as they remain widely used in the literature.

For applications with more-stringent phase noise constraints, photonic sources such as
PIN and uni-traveling-carrier photodiodes (UTC-PD) are popular [98], [99]. The incred-
ible stability offered by Brillouin lasers can also be exploited for ultra low phase noise
applications in the terahertz range [100]. To generate terahertz power these devices are
optically pumped with two continuous-wave (CW) lasers, separated by a beat frequency
equal to the desired terahertz output [101]. It is preferable for these devices function
near telecommunication wavelengths of 1.5 µm to take advantage of compact fibre cou-
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pled sources [102]. One of the lasers can be modulated in order to increase and de-
crease the beat frequency, allowing for FMCW operation in the terahertz domain. As
mentioned previously, nonlinearities in the frequency sweeping introduce distortions in
FMCW systems, as such it is important that photo-mixers for these applications are well
characterised. Fortunately drift diffusion models [103] have been used to calculate the
non-linearities in both UTC [104], [105] and PIN [106] photodiodes.

Furthermore, to decrease phase noise fromusing two laser sources, a single, high quality,
FMCW laser can be used in conjunction with a micro-resonator to produce a frequency
modulated optical comb at roughly 1550 nm wavelengths [107]. This has the additional
benefit of being able to measure range and velocity at multiple frequencies, mapped spa-
tially with dispersive optics. This work should in theory be able to be extended to tera-
hertz ranging.

1.3.3 Pulsed Systems

This thesis is primarily concerned with devices and systems operating in CW, but it is
worth briefly mentioning pulsed sources and detectors to provide some background in-
formation relevant to the applicationsmentioned previously. The historical use of pulsed
systems has enabled and driven the development of modern terahertz sources and detec-
tors by enabling the characterization of new suitable materials and emergence of novel
applications, so it is appropriate they are acknowledged. Common reasons to choose CW
over pulsed terahertz systems are cost and acquisition speed. Due to the manufacturing
precision and complexity required by laser components, pulsed systems cost significantly
more than CW alternatives. The use of delay lines or other means limits measurement
to slow changes over time, with acquisition speeds reaching a ceiling of approximately a
million samples per second [108].

Photoconductive Antennas

Widely consideredmature and commonly found across terahertz research groups world-
wide, photoconductive antennas (PCA) have been used since the early experiments by
Grischkowsky [14]. The bandwidth of these devices is high, making them particularly
useful for static spectroscopic applications where spectral fingerprints may span octaves.
The operation of PCAs is relatively straightforward and safe, as they operate at room
temperature and utilise fibre-coupled lasers typically not-exceeding 30 mW. For use as
sources, femtosecond laser pulses are impinged onto an extremely fast semiconducting
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material to generate free carriers, which are accelerated by an applied DC bias to pro-
duce a photocurrent. This current pulse is coupled to an antenna to radiate a broadband
terahertz pulse into free space, often through a silicon lens [109]. For measurement, the
inverse occurs, where the terahertz pulse is impinged onto the antenna, inducing a tran-
sient bias voltage. A copy of the source laser pulse with swept delay pumps the receiver
to generate a short burst of carriers, convolved over the time-delay with the terahertz
pulse. This allows the temporal profile of the transmitted terahertz pulse to be coherently
recovered. The primary drawback of these setups are the slow measurement times, lim-
ited by the sweeping of the optical delay line. However, asynchronous optical sampling
(ASOPS) and electronically controlled optical sampling (ECOPS) systems have become
increasingly popular in commercial offerings, utilising a second pulsed laser instead of
a delay line to increase measurement frequency to the order of kHz [13]. Non-coherent
Schottky-based detection schemes are also common, removing optical delay lines to sac-
rifice spectral information for significantly improved measurement speed [110].

Non-linear Crystals

For broadband applications requiring higher average power and field amplitude than
what is offered by PCAs, optical rectification of ultrashort pulsed lasers is an attractive
solution [111]. Femtosecond laser pulses impinged upon a suitable electro-optic non-
linear crystal, such as ZnTe or LiNbO3, undergo difference frequencymixing, down con-
verting spectral components from the pulse into the terahertz range [13]. The bandwidth
and temporal shape of the generated terahertz radiation is primarily dependent on the
bandwidth of the laser pulse and the phasematching between the input laser and output
terahertz pulses. Sampling a terahertz pulse with non-linear crystals is similar to the re-
ceiving setup used with PCAs, in this case a copy of the laser pulse is propagated through
another crystal and phase modulated by the terahertz pulse [112].

Beyond Popular Devices

Although PCAs and non-linear crystals are widespread throughout the terahertz re-
search community, other technologies exist where factors such as absolute power or
frequency stability is critical to applications. They will not be exhaustively covered in
this thesis but acknowledged as important to the continual advancement of terahertz
science and applications. Devices such as free electron lasers and gyrotrons fill a niche
where cost and compactness are not important considerations and power is on the order
of kilowatts to megawatts [113]. Precision metrology with quantum cascade lasers is
possible but requires complex cryocooled setups [114].
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1.4 Terahertz Beam Steering

As discussed previously, the efficient generation of terahertz radiation still remains a
challenge, and so terahertz devices need to be highly efficient and directive to concen-
trate and conserve powerwherever possible. The concept of beam steering aims to some-
what alleviate the poor performance of terahertz sources, by maximising transmitted
power towards the receiver. Beam steering is particularly important for directive and
high-gain links, where active antenna alignment is necessary for long-range transmis-
sion. Broadly speaking, three types of beamforming exist for use in the terahertz do-
main: leaky-wave antennas (LWA), phased arrays, and mechanically reconfigurable op-
tics [115].

1.4.1 Leaky-Wave Antennas

LWAs operate on the principle of frequency dependent beam steering, where the radi-
ation source increases and decreases frequency to change the direction of the output
beam, as illustrated in Fig. 1.12(a). Although LWAs have been demonstrated for tera-
hertz communication [116], they are of limited use in steering beams with high band-
width due to the spatial mapping of frequency. In other words, a highly directional LWA
sacrifices bandwidth in a single direction for the ability to steer a beam over a wider
field of view. This inherently limits the range resolution and data rate of ranging and
communication applications. Although LWAs offer impressive scan areas for ranging
applications, they are also conventionally limited to a single scanning plane [117]. An
advantageous use case for LWAs is the tracking of multiple targets without any moving
components, as was demonstrated effectively in [118] and reproduced here in Fig. 1.12.
For frequency-agnostic and narrowband applications where beams are required to cover
multiple directions, such as CW Doppler radar, LWAs are a suitable option [119].

1.4.2 Phased Arrays

Phased arrays are a classical approach to beam steering from the radio-frequency (RF)
domain which make use of coherent antenna arrays with precisely controlled phase re-
lationships to tilt the direction of a beam [120]. This presents a fast and dynamic beam
steering solution with no moving parts, ideal for scenarios requiring high-speed track-
ing, such as mobile telecommunications, military targeting, and autonomous driving.
Unfortunately the performance of current terahertz phase shifters is subpar, as high in-
sertion loss limits the physical scale of phased arrays, hampering their development for
applications requiring large aperture sizes. It is worth noting that advancements in com-
plementary metal-oxide-semiconductor (CMOS) technology have continued to progress
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1.4. Terahertz Beam Steering

research in terahertz phased arrays, typically by coupling and synchronising an array of
sources, as shown in Fig. 1.13(a) [121]. The approach shown in Fig. 1.13(b) typically
features low radiated power and DC-to-RF efficiency often below 1% [122].

1.4.3 Mechanically Reconfigurable Optics

In scenarios where bandwidth is key and speed is a secondary consideration, mechani-
cally reconfigurable optics present an attractive trade-off in performance metrics. This
design paradigm is typically cost effective, in most cases requiring only motors and opti-
cal components; this improves accessibility, since researchers likely do not require com-

(a) (b)

(c)

Figure 1.12: Leaky-wave antenna illustration and experiment. (a) Illustration of leaky-wave antenna and
packaging with cyclic olefin copolymer (COC) lens. (b) Experimental demonstration of simultaneous tar-
get tracking. (c) showing frequency mapping of direction. Adapted from Harrison Lees et al. [118]. Li-
censed under CC BY.

(a) (b)

Figure 1.13: Examples of terahertz phased arrays. (a) 4 × 4 phased array at 416 GHz. Adapted, with per-
mission, from [121] © 2022 IEEE. (b) 4 × 2 phased array at 298–334 GHz. Adapted, with permission,
from [122] © 2025 IEEE.
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plex fabrication. Although glass components used for conventional refractive optics are
less favourable at terahertz frequencies owing to high dielectric losses and dispersive
properties, the underlying design principles remain the same, so design techniques are
often inspired by work done in the optical domain. Mechanical scanning designs com-
monly found in optical systems such as gimballedmirrors [123], [124] and galvanometer
scanners [125] have found use in terahertz applications. Often found in the microwave
domain, adjustable Luneburg lenses, as shown in Fig. 1.14(a), serve as compactmechani-
cal beamformers at terahertz frequencies [126], [127]. These devices requireminimal ad-
justment for wide steering angles. In addition to pre-established concepts, the umbrella
of reconfigurable optics covers a wide variety of unique and innovative designs, such as
the reconfigurable diffraction grating shown in Fig. 1.14(b) [128]. Another method of
altering the physical structure of a focusing lens is realised by the pumping of oil into a
flexible lens container [129]. Discussed in more detail in Chapter 2, Risley-prisms from
the optical domain have shown promise in terahertz applications due to the straightfor-
ward and broadband nature of the design. A challenge across the reconfigurable optics
design paradigm is finding suitable materials and manufacturing processes, as complex
designs are often expensive and difficult to produce with conventional tools [130].

1.5 3D-printing for Terahertz Applications

The advancement of 3D printing technology in the last decade or so has been benefi-
cial to terahertz research, with researchers now having the capability to quickly produce
reasonable quality parts at low cost in the lab [131]. Consumer grade fused deposition

(a) (b)

Figure 1.14: Examples of terahertz reconfigurable optics. (a) Mechanically adjustable Luneburg lens.
Reprinted, with permission, from [126] © 2020 IEEE. (b) Reconfigurable diffraction grating. Reproduced
from Y. Monnai et al. [128]. Published by Optica Publishing Group under the terms of the OSA Open
Access Publishing Agreement.
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modelling (FDM) printers are typically capable of fine enough resolution to achieve re-
sults matching simulations [132], reducing the dependence on traditional manufactur-
ing techniques that limit design freedom. Common 3D printing materials such as Acry-
lonitrile Butadiene Styrene (ABS) and Polylactic Acid (PLA) perform adequately at RF
frequencies [133], but do not appear well suited to the terahertz domain, suffering from
high dielectric losses [134], [135], visible in Fig. 1.15. However more exotic 3D-printable
polymers show reasonable results across terahertz frequencies [136]. A key example is
COC, a printable material exhibiting low dispersion and loss which has been of great
use in 3D-printing terahertz research for approximately a decade [137]. Due to surface
roughness approaching wavelength scale, 3D-printed lenses typically become less effec-
tive around 500–600 GHz [138], although post-processing likely extends the frequency
range by reducing the effects of scattering. Although the applications of 3D-printing in
the terahertz domain are vast, in this section we shall constrain discussion to mostly
transmissive quasi-optical structures.

One of the motivating factors behind the original contributions of Chapter 2 was to
improve upon the work of Wu et. al. [140], in which the steering of a Bessel beam is
demonstrated using two discrete dielectric lenses based on a Risley prism to achieve a
two dimensional scanning system. The use of resin printed components incurs signif-

Figure 1.15: Refractive index and absorption coefficient of various thermoplastics used in FDM 3D-
printing. The acronyms and abbreviations areHDPE=HighDensity Polyethylene, Polyprop. =Polypropy-
lene, ABS = Acrylonitrile Butadiene Styrene, and PLA = Polyactic acid. Data from Refs. [138] and [137].
Reprinted from [139] with permission from AIP Publishing.
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icant material losses, as the photopolymer materials which polymerize when exposed
to ultraviolet light are highly absorptive at terahertz frequencies [141]. To work around
these lossy materials, designs make use of phase wrapping to minimise the thickness of
material that a terahertz wave must pass through, thus reducing the loss [140]. This in-
herently leads to bandwidth restrictions, as phase wrapping is designed around a centre
frequency, making this technique unsuitable for the plethora of broadband applications
mentioned earlier.

An advantage of 3D-printing is the design freedom afforded by the technology, allow-
ing researchers to create complex geometries that would typically be difficult with con-
ventional machining. Simple designs such as common plano-convex lenses have been
well documented [142], and more demanding devices such as bendable COC waveg-
uides [143] have already been realised. Other components for lab use such as 3D-printed
dielectric resonators have been demonstrated for frequency reference applications [144],
and 3D-printed polarizers for low-terahertz frequencies [145], 3D-printed anti-reflection
structures [146], and 3D-printed axicon lenses and off-axis parabolic mirrors were re-
alised for long focal depth imaging systems [147]. 3D-printed dielectric antennas have
also been demonstrated direction of arrival applications [148]. This shows that 3D-
printing can be applied to most, if not all, areas of terahertz research.

Printing parameters such as layer height and flow rate do affect the optical properties
of COC [149], and considerable work has been done to document the optimisation of
these settings [143]. Furthermore, it is known in the microwave domain that the fill
factor of 3D-printed parts influences their properties [150], [151]. This concept has been
extended to terahertz frequencies, where the refractive index and absorption coefficient
of COC can be controlled via printing parameters [152]. This new paradigm unlocks
many potential gradient index designs from optics for the terahertz region, realisable

(i) (ii)

Figure 1.16: Examples of 3D-printed COC components. (a) 3D-printed COC cavity antenna for direction of
arrival applications. Reprinted, with permission, from [148] © 2024 IEEE. (b) 3D-printed COC frequency
reference. Reproduced from Tobias Kubiczek et al. [144]. Licensed under CC BY 4.0.
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1.5. 3D-printing for Terahertz Applications

with cheap 3D-printing [127], [153].

Researchers are nowno longer limited bymaterial choice in regards to 3D-printing quasi-
optical components for the terahertz range, all that is left is imagination and awillingness
to iterate on failed prints. This leads us to Part II to scratch the surface on the application
of 3D-printed COC quasi-optics.
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Chapter 2

Terahertz ImagingWith 3D-Printed
Risley-Prism and Telecentric
Objective

Abstract

Non-destructive testing is one of the key envisaged applications for terahertz technology
due to non-ionizing energy levels and the ability to penetrate many optically opaquema-
terials. Conventional terahertz imaging systems typically rely on raster scanning the tar-
get with a moving transceiver, or make use of goniometric beammanipulation schemes.
As an alternative, we propose the use of a Risley-prism, essentially a cascaded pair of in-
dependently rotating prisms, to function as a simple beam-steering mechanism. When
deployed in conjunction with an aspheric, telecentric objective, the Risley-prism allows
for scanning a focused terahertz beam in two dimensions. We utilize 3D-printed COC,
a low-loss and low-dispersion polymer, to minimize material loss and facilitate the con-
struction of these bulk optics. Owing to true time delay, our imaging system operates
over 220–330 GHz, making use of this bandwidth for resolving depth features and hid-
den objects. We achieve a spatial resolution of 0.419 lp/mm over a circular scanning
region 27.8 mm in diameter. The proposed Risley-prism imaging system offers a sim-
ple solution to the complicated problem of broadband and high resolution imaging, and
hence is readily amenable to widespread adoption and commercial applications.
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2.1. Introduction

2.1 Introduction

The need to explore underutilized portions of the electromagnetic spectrum above the
microwave range has become clear in recent decades. Abundant and unoccupied band-
width in the terahertz spectrum presents a multitude of opportunities for high capacity
communication links [63], high resolution ranging [51], and NDT and imaging [7], [40],
[47], [154], [155]. With respect to imaging applications in particular, the non-ionizing
energy levels at low terahertz wavelengths offer a favourable combination of biological
safety and spatial resolution. Furthermore, the ability of terahertz waves to penetrate dry
and non-metallic substances, and typically estimate material density better than radio-
frequency or X-ray range devices, offers unique opportunities for security screening, food
contamination detection, and production-line monitoring systems [37], [156]. Nonethe-
less, high free space path loss, lossy materials, and atmospheric attenuation due to water
vapor are at odds with the low available source power typically observed in the tera-
hertz range, posing the biggest threat to the widespread adoption of terahertz domain
technologies [157]. To overcome these challenges and take advantage of the terahertz
domain, low-loss beam-steering techniques must conserve terahertz power and operate
over the wide available bandwidth [115].

Terahertz imaging systems often utilize single-source and single-detector schemes,
which permit broadband operation, but typically suffer from slow, bulky and inefficient
raster scanning techniques requiring the source, detector, or sample to move [47], [158].
Tilting and rotatingmirrors serve as a broadband and highly efficient alternative to raster
scanning [159], [160], [161], [162], [163], but typically involve complicated apparatus
such as a Gregorian focusing system, as exploited in [51]. Multi-pixel terahertz mi-
crobolometers for direct detection permit faster acquisition time, but are frequency- and
phase-insensitive, and hence unable to take full advantage of available bandwidth [164].
Despite intensive research, these multi-pixel direct detection schemes are costly and
challenging to fabricate. The need for broadband beam-steering schemes with fast ac-
quisition times for imaging has created an area of highly active research, leading to a
wide variety of solutions [137], [140], [165], [166], [167]. However, their principles of
operation typically impose intrinsic limitations upon operating bandwidth, reducing
performance in practical applications. In our work, we assert that broadband systems
are necessary for imaging in order to resolve depth features and avoid artifacts due to
interference effects in narrowband.

A promising solution for beam-steering, a Risley-prism is a pair of two dielectric prisms
which diffract incident light to a controlled angle, adjustable by the independent rota-
tion of each prism. Originally devised for ophthalmological purposes [168], the Risley-
prism concept has been used for radio-frequency beam-steering [169], [170] and antenna
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alignment [171] as well as optical ranging [172] and communication [173] systems. Ter-
ahertz ranging and imaging with a Risley-prism had been demonstrated in narrowband,
as bandwidth was limited by high material loss and resultant phase wrapping [140]. A
broadband terahertz-pulse imaging system, operating in reflection-mode by incorporat-
ing a Risley-prism and telecentric objective has been realized, but comes with the draw-
backs of small aperture size and spherical lens componentry, hampered by expensive
crystalline quasi-optics [174]. In addition, the use of quartz components and a beam-
splitter introduces additional and unnecessary losses, worsening signal to noise ratio
(SNR) given the typically low source power in the terahertz range. Such imaging setups
requiring precise manual alignment are typically not amenable to applications in the
field. Broadband biomedical spectroscopy has made use of the Risley-prism, requiring
physical contact between the device and the analyte [175]. Despite broadband operation,
the Risley-prism concept remains underutilized in the terahertz domain for free-space
communications applications, with limited demonstrations [176].

In this study, we introduce an optical train consisting of a Risley-prism in tandemwith a
collimator and telecentric objective to realize a complete and broadband imaging system,
as illustrated in Fig. 2.1. All these components are 3D-printed with COC, featuring low
dispersion and lowmaterial loss, with a relative permittivity of 𝜀𝑟 = 2.34 and loss tangent
tan 𝛿 = 0.0019 at 220 GHz [137], [143], [177], [178]. 3D-printing permits the rapid proto-
typing of aspheric quasi-optics for the terahertz range, allowing our system to maintain
image quality across the scanning area, as opposed to the systems using conventional
spherical surfaces. The low cost of 3D-printing in comparison to traditional methods
such as milling and grinding also encourages uptake of terahertz systems for real-world
applications. The broadband nature of COC lenses permits us to use a vector network
analyser (VNA) to capture complex reflection spectra, and perform time-domain analy-
sis techniques to observe depth features. Our system operates at a fractional bandwidth
of 40%, which is limited by the VNA system, at a centre frequency of 275 GHz. The in-
clusion of the telecentric objective allows for normal incidence on a target, maximizing
detectable power in reflection. In addition, operating in the reflection mode allows for
greater flexibility regarding targets, where systems operating in transmission may not be
able to place the receiver on the other side of the sample. The ±10.5° field of view from
the Risley-prism is focused with the telecentric objective to cover a circular scanning
region with a diameter of 27.8 mm. The results and discussion throughout this work
support further development of a larger scale system capable of performing full body
imaging, as illustrated in Fig. 2.1(c).
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(a)

(b)

(c)

Horn

Collimator

Risley-prism

Telecentric
objective

Torso with
concealed weapon

Figure 2.1: Conceptualmodel of a large scale terahertz imaging systemusing aRisley-prism and telecentric
objective to detect concealed objects on a torso. (a) Minimum deflection and (b) maximum deflection
configurations. (c) 3D illustration of the system, showing normalwave incidence on the target tomaximize
detectable power in reflection.

2.2 Design of Optical Train

The design procedure depends on information about the refractive index of 3D-printed
COC, and to this end, a 10-mm thick puck of COC is 3D-printed by a Prusa MK3S+ at
100% infill, and the refractive index 𝑛COC = 1.521 and loss tangent tan 𝛿 = 0.00039 is
extracted with the VNA, using the method outlined in [179]. The loss tangent is lower
than reported in the literature, likely due to the presence of sub-wavelength air voids in
the puck. Thematerial loss of the COC is low enough to be safely neglected for designing
lens geometry. Identical printing parameters are used for all COC components hereafter.

Since COC is low-loss, reflections at the air and COC interfaces are the primary source
of loss in the system, of which there are eight in one direction. For index 𝑛COC = 1.521,
𝑛air = 1 and assuming normal incidence for the best case scenario, the transmitted power
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through each individual surface is:

𝑇 = 1 −
|||||||
𝑛1 − 𝑛2
𝑛1 + 𝑛2

|||||||

2
= 0.957 . (2.1)

Raising 𝑇 to the power of 16 for the number of surfaces for transmission to and reflection
from the target, 49.74% of the original power is lost. This estimate is consistent with
the losses due to Fresnel reflection as calculated using the system modelled in Ansys
Zemax OpticStudio, and assumed to be accurate given our previous work on measuring
transmission efficiency for a COC Risley-prism [180] showed good agreement between
calculations and measured data. Reduction in reflection losses is possible through the
addition of anti-reflection layers based on COCwith lower infills. Further discussion on
such anti-reflection structures is found in the latter part of the thesis.

Wenote that since full-wave simulation and optimization techniques for electrically large
structures such as lenses require significant computation and time resources, we use ray-
tracing within Ansys Zemax OpticStudio for the design of the lens components. We also
note that the physical optics solver is a reasonablemiddle-ground between full-wave and
ray-tracing methods, but is not used for design and optimization in this work as it lacks
operands for beam angle.

2.2.1 Collimator

An aspheric singlet lens is designed in Ansys Zemax OpticStudio to collimate the ap-
proximately Gaussian output of a diagonal horn antenna into a beam of approximately
50 mm in diameter at 220 GHz, as shown in Fig. 2.1(a, b). The collimator is positioned
sufficiently far from the horn antenna that it may be treated as a point source. The beam
divergence from the horn antenna is known and inversely proportional to frequency;
the half angle of the beam is approximately 10.5°, 8.8° and 7.6° at 220, 275 and 330 GHz
respectively. In this work, we use a separate quasi-optical component for beam collima-
tion for modularity, allowing the imaging system to be used with other antennas and
terahertz equipment. A more compact version would combine the collimator and the
first prism, reducing the number of reflections from air-COC interfaces.

2.2.2 Risley-Prism

We first describe the operating principle of the Risley-prism, which consists of two par-
allel and identical dielectric prisms, which are henceforth referred to as wedges to avoid
confusion. As illustrated in Fig. 2.2, each wedge has incline angle 𝛼 to deflect the inci-
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dent ray according to Snell’s law,

𝜙0 = arcsin (𝑛COC × sin 𝛼) − 𝛼. (2.2)

For a prism of twowedges of 𝛼 = 10°, themaximumdeflection angle is 2𝜙0 = 10.63°; our
preliminary work showed this calculated deflection aligns well withmeasurement [180].
By counter-rotating both wedges according to the two-step method [181], the output
beam can be scanned over both angular dimensions, albeit constrained by the solid angle
of maximum deflection. To point the beam at a specified (𝜙spot, 𝜃spot) within this region,
the wedges are rotated by (𝜃1, 𝜃2), as illustrated in Fig. 2.3.

A noteworthy physical limitation of the Risley-prism is the inability to point the beam
down boresight, leaving a small region in the centre of the scanning area which cannot
be targeted. The radius 𝑟𝑑 of this centre null is proportional to the distance 𝑆 between the
two prisms, as well as prism geometry and dielectric properties, as the beam propagates
between the air-gap and acquires translation as illustrated in Fig. 2.2(b). This limitation
can potentially be overcome with the introduction of a third wedge [182]. Alternatively,
here we account for this offset in the design of the telecentric objective.

2.2.3 Telecentric Objective

Having designed the mechanism by which we are to steer the two-dimensional angu-
lar trajectory of a beam, we now direct our attention towards the quasi-optical compo-
nent for focusing the steered output to a small spot in the focal plane with normal inci-
dence and compensating for the centre offset inherent to the Risley-prism as illustrated
in Fig. 2.2(b). For this purpose, we use an aspheric biconvex lens, with the benefit ofmin-
imizing aberrations and chief ray angle compared to a conventional spherical lens, en-
abling a more consistent image quality across the image plane and maximising reflected
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Wedge 1 Wedge 2

(a) (b)

rd

S

Figure 2.2: Ray trace diagram of an incident normal beam through a Risley-prism. Both wedges feature
an inline angle 𝛼. (a) Maximum deflection configuration. (b) Minimum deflection configuration showing
the centre offset 𝑟𝑑.
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power. Figure 2.4 illustrates some advantages of using an aspheric lens, in contrast to
a spherical one. Namely, reduced aberrations at increased field angles and consistent
spot size across the image plane with the aspheric lens can be seen in Fig. 2.4(a, b). The
chief ray angle shown in Fig. 2.4(c) is lower andmore consistent when using the aspheric
lens. Whilst aspherical lenses are typically seen as difficult to manufacture using tradi-
tional methods such as grinding, 3D-printing allows us to easily prototype arbitrary lens
geometries as needed.

Using a ray-tracingmodel in Ansys ZemaxOpticsStudio, with the least squares optimiza-
tion algorithm, aCOC telecentric lens is optimized to focus the output of theRisley-prism
onto the image plane, minimizing the spot size and the chief ray angle of two configu-
rations of the Risley-prism, namely minimum and maximum deflection. The chief ray
angle is used to estimate the angle of incidence at the imaging plane, with Fig. 2.5 show-
ing the angle is maintained below 1°.

The design of the telecentric objective is subject to the key trade-off between scanning
region size and spatial resolution. For a larger scanning area, greater excursion of the
steered beam away from the optical axis is required. The telecentric objective must be
either positioned at a greater distance from the Risley-prism, in turn increasing the focal
length of the lens, or a steeper incline anglemust be used for the Risley-prism. Increasing
the focal length degrades the spatial resolution according to Gaussian beam propagation

θ1

θ2

x

y

z

Wedge 1

Wedge 2

θspot

ϕspot

Figure 2.3: Illustration of the Risley-prism coordinate space. Each wedge is rotated about the 𝑧-axis by
angle 𝜃𝑘, where 𝑘 is the wedge number. 𝜃1 and 𝜃2 for a desired 𝜙spot and 𝜃spot are found using the two step
inverse method [181].
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theory. Increasing the incline angle of the wedges widens the centre-null of the Risley-
prism, increasing the angle of incidence at the centre of the scanning region. To improve
spatial resolution, the focal length can be decreased, or the beam diameter into the ob-
jective can be increased. At 275 GHz, our design features a theoretical focal length of
58.7 mm, spot size of 2.398 mm, and Rayleigh length of 2.5 mm, for a reasonable com-
promise between system size, spatial resolution and scanning area, appropriate for the
targets under investigation.
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Figure 2.4: Simplified comparison between spherical and aspherical surfaces for telecentric lens design.
Both lenses are optimized with the same figure of merit to minimize spot size and chief ray angle, from
a beam diameter of 20 mm with up to 15° deflection. (a) Spherical biconvex lens, showing aberrations
at maximum field angle. (b) Aspheric biconvex lens, with reduced aberrations compared to the spherical
design. (c) Chief ray angle over the image plane. For optimization, the distance from the entrance pupil
to the first surface and the distance from the second surface to the image plane are fixed at 50 mm. The
thickness of the lens is fixed at 30 mm. The radii of the spherical surfaces are variable. The radii, conic
constant, and even-aspheric coefficients of the aspheric surfaces are variable.
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Figure 2.5: Chief ray angle over 𝜙spot, along the 𝑥-axis of the image plane. Computedwith the Risley-prism
in conjunction with the telecentric objective, at various configurations, like those shown in Fig. 2.1(a,b).

34



Chapter 2. Terahertz Imaging With 3D-Printed Risley-Prism and Telecentric Objective

2.2.4 Assembly

To combine the collimator, Risley-prism, and telecentric objective into a single unit, the
packaged system in Fig. 2.6 is designed tomount and align the components. Each wedge
is affixed with screws to a 3D printed ring, incorporating a 140-tooth gear profile. The
ring is pressed into a bearing, and the bearing is pressed into a 3D-printed frame that also
serves as the mounting point for motors and switches. The collimating optic is mounted
directly to the frame of first rotating wedge. An open-loop stepper motor with a 20-tooth
pulley is connected to each wedge via a tensioned belt, geared at a ratio of 140:20 to
achieve a rotational resolution of 0.257° for each wedge, given a 1.8° step angle of the
stepper motor. This translates to a arc-length spatial resolution of 0.0623 mm along the
circumference of the scanning region, and a maximum elevation resolution of 0.186°,
corresponding to a worst case elevation spatial resolution of 0.252 mm at the edge of the
scanning region. Microswitches are used to home the wedges to the zero position. It is
noted that the use of a rotation resolver for position feedback and high speed motors in
a constant rotation configuration would significantly decrease acquisition time, but is
deemed too expensive and complicated; the current stepper motor system functions as
a low speed proof of concept. Each dataset in this work is collected over approximately
three hours, with the exception of the Siemens star, which is intentionally over-sampled.

We expect the lower limit of acquisition time for rotational scanning to be lower than that
of conventional raster scanning, as compensating for inertia in rotation is easier than lin-
ear movement. M6 bolt holes allow the entire system to be fastened to standard 25 mm
optical mounting surfaces for experimental characterization. It is noted that some ar-
tifacts occur when the wedges are near minimum and maximum rotation angles of 0°
and 360° respectively, where the control algorithm wraps above 360°. This is attributed
to open loop control and inaccuracies of the 3D-printed components. Artifacts also oc-

(b)

Telecentric
objective

Risley-Prism

Collimator

Stepper motor
Bearings

Frame Ring
(a)

Figure 2.6: 3D rendered images of the Risley-prism system design. (a) Collapsed model view. (b) Exploded
view along cutting plane.
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2.3. System Performance

cur when the Risley-prism is pointing at 𝜃 = 0°. Both sets of artifacts are omitted from
the measurements and linearly interpolated over. Linear interpolation is also performed
on each image to transform the angular coordinate system to Cartesian for plotting pur-
poses.

2.3 System Performance

All experiments are performed with a Keysight 5222B VNA with WR-3.4 frequency ex-
tenders for 220–330 GHz operation. This allows for convenient and coherent evaluation
of the reflection of the analyte, through the quasi-optical imaging system that is themain
subject of this work, via the complex 𝑆11 response.

2.3.1 Focal Plane

To validate and calibrate the operation of the motion control algorithm and assess the
homing error of theRisley-prismhardware, the focused beam is pointed to the left, centre
and right of the 𝑥-axis on the focal plane, and the near field distribution of each position
is scanned with the motorized 𝑥𝑦 translation stages shown in Fig. 2.7(a). Complex 𝑆21 is
measured with the VNA at increments of 0.25 mm over a scanning range of 40 × 6mm2.
Thismeasurement is compared against the footprint diagrams generated inAnsys Zemax
OpticStudio, which includes Fig. 2.7(b), showing no homing inaccuracy, and Fig. 2.7(c)
showing the same system with −3° of homing error on both wedges, rotating the axis.
Summed transmission intensity images shown in Fig. 2.7(d) confirm the Risley-prism
system operates as expected, with good agreement between expected and measured po-
sitions. Minor rotation is visible in the summed transmission intensity images shown in
Fig. 2.7(d), where the outermost focal spots are slightly above and below 𝑦 = 0mm, in-
dicating some small error in the homing, attributed to the use of physical switches. The
distance between the focal spots in Fig. 2.7(e) serves as a calibration for the scanning
region, measured at 27.8 mm in diameter. The phase of each spot in Fig. 2.7(f–h) is also
observed to ensure approximately Gaussian focus at normal incidence at the inner and
outer regions of the scanning area.
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Figure 2.7: Calibration of the system scanning region. A 𝑆21 raster-scan is taken for each azimuth position
of −10.5, 0, 10.5° with a near-field probe. (a) Side view photo of the raster scanning setup. (b) Ray-traced
footprint diagram showing the spot positions along the x-axis; see Visualization 1. (c) Footprint diagram
showing the effect of wedge positioning error. With both wedges offset −3°, there is rotation along the
points. (d) Three raster scans of 𝑆21 intensity at 275 GHz normalized and summed, with probe at the focal
plane. (e) Cross section at the midpoint of the summed intensity scans showing 27.8 mm between the two
furthest points.(f–h) Phase profile of each raster scan at 275 GHz.
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2.3.2 System Resolutions

Spatial Resolution

High spatial resolution allows for fine features to be resolved. Hence, it is important to
quantify the limits of the imaging system; to do this, two experiments are performed.
First, Gaussian curves are fitted over the 2D raster-scans from Section 2.3.1 to find the
average 1∕𝑒2 beam width of the focal spot at 220, 275 and 330 GHz. Although spot size
is not particularly useful for comparing imaging systems, it serves as an estimation of
image quality, as a high spatial resolution requires low focal spot size. The theoretical
1∕𝑒2 beam width of a coherent system is [183],

𝑤 = 0.82𝜆
NA . (2.3)

When the wavelength 𝜆= 1.364, 1.091, 0.909mm and numerical aperture = 0.446, 0.373,
0.323, the beam width is therefore 2.508, 2.398, 2.308 mm, respectively. The numerical
aperture takes into consideration the narrowing beam divergence of the horn antenna
proportional to wavelength. Thus, the beam from the antenna progressively under-
illuminates the collimator, reducing the resolving power of the system as frequency
increases. The measured average spot size of 3.52, 3.12 and 2.89 mm approximately
align with the calculated values. This discrepancy is attributed to inaccuracies in the
3D-printed lenses and minor misalignment during experimental setup.

In the second experiment, we image a Siemens star, a common target used to evaluate
the spatial resolution of a complete imaging system [184]. The star, shown in Fig. 2.8(a),
is mounted in a plastic frame and placed at the focal plane of the objective, as shown in
Fig. 2.8(b). The Siemens star is a copper circle on FR4 fibreglass substrate, with thirty
alternating segments, half with copper etched away. By imaging this target, we estimate
the spatial resolution𝑁∕(2𝜋𝑟) in line pairs per millimetre, where𝑁 = 15 is the number
of segment pairs, and 𝑟 is the radius from the centre of the star, according to the method
detailed in [185]. Probing the Siemens-star radially, the outermost radius will feature
maximum contrast between the highly reflective copper and the fibreglass due to the
lower spatial frequency. Towards the centre of the star, the segments will appear to touch
as the spatial frequency increases, at which point the system is not capable of resolving
any higher spatial frequencies. Ordinarily, we would determine the spatial resolution
relative to frequency, but due to the interference effects that can be seen in Fig. 2.8(c–e),
the resolution cannot be accurately estimated in narrowband. This is where the broad-
band nature of the imaging system becomes relevant, by allowing us to resolve time delay
by processing the frequency domain data.

The control algorithm points the beam to 40956 equidistant points within the solid an-
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Chapter 2. Terahertz Imaging With 3D-Printed Risley-Prism and Telecentric Objective

gle range of the Risley-prism, scanning from the centre outwards in a spiral pattern.
Performing an inverse fast Fourier transform (IFFT) on each complex 𝑆11 measurement
pixel, which contains the spectrum over 220–330 GHz, we obtain the time-domain sig-
nal representative of each pixel. To form a 2D image, the Risley-prism output elevation
angle 𝜙spot is normalized by the maximum deflection angle of 10.5° and multiplied by
13.9 mm to form a radial distance, and the angle from the 𝑥-axis 𝜃spot is used to map
the measured points to polar coordinates within a unit circle. For image export pur-
poses, the polar data is interpolated over a 500 × 500 point Cartesian grid, using linear
interpolation, and normalized to the maximum intensity. This information is plotted to
show the reflection intensity over time delay, allowing us to move a virtual observation
plane through time, which corresponds to the axis of propagation. The time step be-
tween each observation plane is approximately 1.51 ps, assuming a sampling frequency
of 660 GHz tomeet Nyquist requirements for measuring spectrum up to 330 GHz. In the
case of the Siemens star, the spatial resolution is evaluated in the observation plane at
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Figure 2.8: Evaluation of the spatial resolution of the imaging system using a Siemens star imaging target.
(a) Front view photo of Siemens star. (b) Photo of experimental setup. (c, d, e) 𝑆11 at 220, 275 and 330 GHz.
(f) Observation plane at the peak reflection in the time-domain. (g) Modulation transfer function of the
imaging system, extracted from the observation plane. 10% contrast occurs at 0.419 lp/mm.
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maximum time-domain reflection, shown in Fig. 2.8(f). The interference effects present
in the frequency domain images of Fig. 2.8(c–e) are significantly reduced in this time-
domain image. From this image we extract the relationship between spatial resolution
and the radius of interest, in the form of the modulation transfer function (MTF). The
MTF10 criterion, based on the Rayleigh criterion, indicates the spatial frequency beyond
which features cannot be considered resolved. We achieve a MTF10 of 0.419 lp/mm, at
a radius of 5.693 mm, as indicated in Fig. 2.8(g). Diffraction limits for the telecentric
objective at 220 and 330 GHz are also indicated, for which zero contrast occurs at 0.655
and 0.709 lp/mm respectively, according to the spatial cutoff frequency,

SCF = 1
𝑓∕# × 𝜆, (2.4)

where𝑓∕# is the f-number of the telecentric objective, and 𝜆 is the free spacewavelength.

Depth Resolution

Since the system is measuring coherently over a wide bandwidth, we expect to resolve
depth features at a resolution of,

∆𝑧 = 2 ln 2
𝜋

𝑐

B (1 − B2

4𝑓2𝑐
)
= 1.25 mm , (2.5)

where 𝑐 is the speed of light, B = 110 GHz is the bandwidth of the system, and 𝑓𝑐 =
275 GHz is the centre frequency [7]. For practical imaging purposes, ∆𝑧 is limited to the
Rayleigh length of ±2.5mm of the focal plane, where the beam is focused and normally
incident upon the target.

2.4 Non-Destructive Testing

A range of different real-world objects are selected to demonstrate the non-destructive
testing and imaging capabilities of the system; of primary interest are samples with
prominent depth features and hidden objects that optical systems would fail to detect.
The samples are placed at the focal plane of the lens and scanned from an elevation
angle 𝜙spot of 0.001°–10.5°, as shown in Visualization 2, with complex 𝑆11measured over
10030 equidistant points. In the same vein as the Siemens star measurements, these
frequency-domain images show little useful information, and have been omitted from
analysis. This is due to the aggregation ofmultiple reflections from the air-COC surfaces.

We first analyse the scan taken of a marshmallow with a copper wire of 1 mm diameter
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Chapter 2. Terahertz Imaging With 3D-Printed Risley-Prism and Telecentric Objective

inserted approximately 4 mm behind the front surface, as shown in Fig. 2.9(a). Due to
the broadband nature of the acquisition, the observation plane can be moved through
the sample in order to show the different features at different depth positions, as demon-
strated earlier for the Siemens star target. Figure 2.9(b,c) shows the twoplanes of interest,
both locally normalized to make the images clearer. The first plane in Fig. 2.9(b) corre-
sponds to the reflection measured from the first air-marshmallow interface. Although
this interface does not align with the focal plane, we still expect to receive strong reflec-
tions, as it lies just outside the Rayleigh length. Since the back of the marshmallow lies
close to 10 mm outside the Rayleigh length, reflection magnitude is minimal and out
of focus. The second plane shown in Fig. 2.9(c) reveals the hidden copper wire inside
the sample. This observation plane is plotted as a surface in Fig. 2.9(d) to better show
the magnitude distribution of the reflection from the wire. The reflection from the front
face of themarshmallow ismuch stronger than the wire, as wave-propagationwithin the
lossy marshmallow attenuates the terahertz power, evident in the change in reflection
magnitude of the portions of wire inside and outside the marshmallow. Furthermore,
the circular profile of the wire scatters the incident beam in many directions, decreasing
reflection magnitude.
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Figure 2.9: Demonstration of a food-safety application of terahertz imaging, namely the detection of a
hidden wire inside a marshmallow. (a) Front view photo of the marshmallow with copper wire in 3D
printed holder. (b) Observation plane at the front face of the marshmallow. (c) Weak reflection from the
copper wire. (d) Contour plot differentiating the wire and the marshmallow.
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2.4. Non-Destructive Testing

We now turn our attention to imaging chocolates through the terahertz-transparent
packaging shown in Fig. 2.10(a). Owing to the broadband measurement, the chocolates
are resolved in the time-domain image in Fig. 2.10(b), despite the fact that the packaging
is optically opaque. The strong reflection intensity and resultant high contrast from the
hard sugar shell of the chocolate permits volume rendering, with Fig. 2.10(c) showing
the position of some of the hidden chocolates near the focal plane in 3D-space, and their
characteristic round shape.
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Figure 2.10: Demonstration of hidden object detection. Chocolates concealed inside a cardboard box
are revealed with terahertz imaging. (a) Front view photo. (b) Observation plane showing the location
of chocolates in the focal plane. (c) Volumetric render of dataset showing the locations of the chocolates
in 3D space.
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Figure 2.11: Demonstration of hidden and missing object detection. A tablet missing from a blister packet
is revealed with terahertz imaging. (a) Front view photo. (b) Front view photo of blister packet outside of
cardboard box to show the location of the missing tablet. (c) Observation plane showing small reflections
from the metallic foil on the packaging. (d) Observation plane showing the top of the pre-formed plastic
packaging. (e) Observation plane corresponding to the metallic backing of the blister packet. The stronger
reflection on the left-hand side of the image indicates the missing tablet.
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To extend the ideas presented in the marshmallow and chocolate demonstrations, we
present the absence of a tablet inside the cardboard package shown in Fig. 2.11(a), with
the location of themissing tablet depicted in Fig. 2.11(b). Wemove the observation plane
through the sample, observing reflections from the triangular section of metallic foil on
the packaging in Fig. 2.11(c), the plastic of the blister packet in Fig. 2.11(d), and the foil
backing of the packet in Fig. 2.11(e). The absence of reflection on the right of Fig. 2.11(e)
indicates the tablet has absorbed the incident power, so we can deduce the presence or
absence of the tablet, consistent with the photograph in Fig. 2.11(b).

The three food-item imaging targets that we have investigated serve as a proof-of-concept
for the hidden-object detection capabilities of terahertz imaging, showing the viability of
terahertz waves for food-safety and inspection applications. However, we must empha-
size that this is only true in the case of broadband imaging, due to the ability to observe
reflections at the focal plane using time-domain analysis techniques, and counteract the
negative impacts of interference fringes in narrowband. This is possible with the high
bandwidth available with bulk COC optics. To this end, we achieve object-penetrating
imaging, demonstrated by resolving wires inside marshmallows, locating chocolates in-
side packaging and detecting missing tablets. As such, broadband imaging techniques
allow a wide range of samples to be analysed, highlighting the significance of broadband
terahertz imaging systems.

2.5 Discussion

2.5.1 3D-printed Anti-Reflection Structures

To alleviate the losses incurred by Fresnel reflections at the air and COC interfaces of
the Risley-prism system, the early designs include 3D-printed anti-reflection structures
into the components. The two most promising methods are adding progressive index
and quarter-wave matching layers. The progressive index matching scheme utilises a
quintic index gradient from air to COC [186], with the refractive index controlled via
the fill factor of COC and thus the ratio of polymer and air. The quarter-wave matching
scheme is designed to negate reflections at the centre frequency of 275 GHz, sacrificing
some of the bandwidth of the design. Despite somewhat promising simulations and test
pieces, these structures were are too difficult to implement in 3D-printed COC, due to
the inability of the 3D-printer to produce fine features accurately enough on the surface
geometries of the lenses; It remains an avenue for future exploration.
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2.5.2 Increasing Scanning Speed

The hardware of the Risley-prism scanner is designed to be low-cost and easy to trou-
bleshoot. Consequently, the scanning times are approximately three hours, far too slow
for applications such as production-line monitoring or security screening. The stepper
motors used are open-loop, simplifying the control system for the prototype. To improve
the scan speed, faster motors with closed-loop positional feedback are appropriate. In-
creasing the rotational speed of the Risley-prism also necessitates finding an alternative
to the 3D-printed PLA frame, in favour of either a different material or manufacturing
process, to improve rigidity and ensure structural integrity at high speeds. Involvement
ofmechanical engineers in such a design is critical to ensure the vibrations at high speeds
are safely managed.

2.5.3 Further Evaluating Imaging Performance

Another aspect of the Risley-prism imaging system that warrants future work for com-
mercial development is the evaluation of imaging performance. It is worth noting that
the system presented in the article is intended as a prototype, without the expectation
of being used in a critical situation which may require rigorous imaging specifications.
Although the objective lens compensates for the central blind spot of the Risley-prism, it
is mentioned in the article that the addition of a third wedge overcomes this drawback.
This is likely an avenue for compromising speed and mechanical complexity in favour
of greater image accuracy and quality, or vice versa. In conjunction with hardware,
the software of the Risley-prism system is of interest for future development. The effects
of different rotation patterns and coordinate interpolation on the final imaging results
across the line of 0° and 360° have been identified as a potential issue for critical appli-
cations. This could be evaluated by over-scanning this segment of image and comparing
data at 0° and 360°. Alternatively, two identical images could be acquired and compared,
with one starting angle increased to 90° to ensure there is no wrapping distortion over
the 0° portion of the image. This issue would primarily be dependent on manufacturing
precision, and the accuracy of control system homing and rotation operations. Further
testing on the reliability of the system to detect small anomalies is worth undertaking
but would be dependent on the target application.
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2.5.4 Further Error Analysis

Across the quasi-optical components in this thesis, there is some discrepancy between
the theoretical and measured performance. Although the imaging performance of the
systems is satisfactory, a deeper investigation into these discrepancies would be of inter-
est for future 3D-printed COC components. However, performing an error analysis on a
system such as the Risley-prism scanner would likely be an entire research project on its
own. To provide an example scenario, the accumulated positional and tilt error across
each of the four 3D-printed COC lenses would need to be considered, as well as theman-
ufacturing tolerance which is significant since the parts are printed on FDM machines.
The lenses are optimized at 220, 275, and 330 GHz, across 20 rotation configurations
which map the pointing space. A rudimentary Monte Carlo sensitivity analysis on the
centre frequency at a single configurationwas performed in Zemaxwith conservative tol-
erances, producing the MTF plot shown in Fig. 2.12. Minor changes to optical element
position and surfaces parameters result in moderate change across the MTF, indicating
that deeper error analysis and design consideration is warranted.

2.6 Conclusion

Broadband beam-steering solutions are needed to replace raster scanning schemes for
terahertz NDT. However, existing solutions make use of beam-steering components
which are vulnerable to narrow-band interference effects or require complex appara-
tus requiring tedious alignment in order to achieve high quality images. To address
these limitations, the Risley-prism imaging system presented in this work makes use
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Figure 2.12: Monte Carlo tolerance analysis of the Risley-prism system in Ansys Zemax OpticStudio. Per-
formed with a 0.2 mm tolerance for surface geometry and optic position. These results are comparable to
those shown in Fig. 2.8(g).

45



2.6. Conclusion

of a simple structure and design to achieve broadband imaging with high spatial res-
olution. Importantly, the system delivers a scanning beam across an object plane at
normal incidence to achieve maximum reflection. This is achieved by 3D-printing a
custom aspherical telecentric objective, improving upon systems with spherical lenses
to further enhance image quality. All the quasi-optical components are 3D-printed from
COC for high operational bandwidth and low material loss considerations. Our work
highlights great potential for future 3D-printed terahertz systems, with packaging and
optics both convenientlymanufactured at low cost in a lab environment. The simple and
broadband nature of the design can be easily retrofitted to a pre-existing terahertz radar
or VNA system as a drop-in beamforming front-end. Results demonstrate the ability
of the system to image a variety of targets, revealing contamination, depth profiles and
hidden objects in assorted food items. Future use of the system can be extended to larger
scale imaging schemes for security applications or production-line monitoring, as well
as far field beam-steering for broadband communications and ranging [176], by simply
removing the telecentric objective.
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Chapter 3

Highly Efficient Terahertz Dark-Field
Imaging System with 3D-Printed
Components

Abstract

Non-destructive testing and evaluation of targets with low contrast and sub-wavelength
features tends to be challenging. By illuminating the target off-axis, dark-field imaging
techniques can resolve diffracted or scattered features that are typically challenging to
discern with conventional bright-field imaging, which relies on specular reflection ex-
clusively. Traditional dark-field methods achieve off-axis illumination by blocking the
central portion of the incident beam, but this unfortunately incurs significant power
losses of up to 99%. This level of power loss is unfavourable at terahertz frequencies
where source power is relatively scarce. To address this, we propose a terahertz dark-field
imaging system that makes use of a double axicon beam expander to create an annular
beam, which is then focused down upon the target through an objective. The system
permits simultaneous bright and dark-field imaging in reflection without modifying the
optical train, making greater use of raster scan time while achieving an average trans-
mission efficiency of 33.15% and bright-field spatial resolution of 0.391 lp/mm. The pro-
posed dark-field imaging system is able to enhance the detection of fine features such
as growth rings in wood, superficial imperfections on bulk materials, and defects in fi-
breglass. This approach to achieve dark-field imaging will be valuable for biomedical
imaging at the terahertz range that harbors interesting molecular vibration activities.
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3.1. Introduction

3.1 Introduction

Many methods exist for performing NDT which make use of X-rays, visible light, mag-
netic fields, and ultrasonic waves. For in-situ systems, it is desirable for an imaging sys-
tem to be non-ionizing to ensure the safety of operators and potential targets, in sce-
narios such as: security screening, biomedical imaging, and process line monitoring.
The capability to penetrate optically opaquematerials with non-ionizing radiation, while
maintaining reasonable spatial resolution is the main advantage of terahertz waves for
non-destructive testing, useful in the detection of subsurface defects in structuralmateri-
als [154] and frost damage in biological samples [40]. Improvements to these techniques
will therefore increase the applicability and versatility of such terahertz imaging systems.
Terahertz imaging serves to complement existing NDT techniques, providing a balance
between spatial resolution and object penetration. Conventional bright-field terahertz
imaging typically relies upon the spatial dependence of the specular reflection or trans-
mission across a target, measuring the change in received power as image contrast [187].
For such raster-scanning schemes, the apparatus typically involves focusing a Gaussian
beam to a small spot and moving it across the sample at normal incidence, maximising
the signal to noise ratio [40], [47]. To achieve high bright-field contrast at terahertz fre-
quencies, samples should exhibit high variation in absorption across scanned areas [187].
However, incident power scattered by or transmitted through a sample will also provide
contrast in reflected power. When imaging samples with uneven surfaces or intricate
granules, a large portion of power is typically lost through diffraction and scattering ef-
fects [188], which are an ambiguous source of loss from the perspective of a receiver in
a bright-field imaging setup. This work addresses this limitation by capturing the scat-
tered power, and uses it to differentiate between scattered and absorbed terahertz power
in a bright-field system.

Dark-field techniques are well established in the optical domain, and they address the
issue of ambiguity by illuminating samples off-axis and collecting only the scattered or
diffracted power [189], [190]. This capability for resolving features, which might oth-
erwise go undetected with a bright-field scheme, is useful for terahertz imaging, where
features may not be discernible with bright-field techniques [191]. Such techniques are
particularly useful for surface characterization at terahertz frequencies, permitting the
discernment between convex and concave surface imperfections [192], [193]. A typical
dark-field setup achieves off-axis incidence by blocking the central portion of the incident
Gaussian beam before passing through an objective lens [194]. This technique signifi-
cantly reduces the transmitted power, as this is where the majority of the beam’s power
resides [187], [195], [196]. While high source power requirements may be manageable
at shorter visible wavelengths, terahertz source power is modest, necessitating optical
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schemes to conserve power where possible. Generally, dark-field systems in the tera-
hertz domain are uncommon [196], and systems proposed almost exclusively aperture
obstruction [187], [191], [196], significantly reducing power incident upon the target.
An alternative method for off-axis illumination is to use a pair of conic lenses, known as
axicons [197], to expand a collimated beam into a ring shaped, annular beam, and then
focus it with an objective lens [198], [199]. This beam expansion technique is used in
optical dark-field imaging [190], [195], fluorescence imaging [200], and laser machin-
ing [201].

To achieve off-axis incidence and maintain high transmission efficiency, our work re-
alises a terahertz dark-field imaging system with a 3D-printed axicon pair for beam ex-
pansion and annular-beam generation, avoiding the use of an inefficient beam block.
Placing a mirror inside the centre of the annular-beam allows for the reflected scattered
and diffractedwaves to be collected for dark-field imaging. Combinedwith low loss COC
quasi-optical components, our optical train design permits terahertz dark-field imaging
at an average transmission efficiency of 33.15%, improving upon the < 1% efficiency ob-
served in the literature [192]. The low absorption of the COC components also avoids un-
necessary power loss during the measurement of the low power scattered and diffracted
waves. By using a vector network analyser, we simultaneously collect bright-field infor-
mation, allowing for reflected bright- and dark-field images to be acquired with a sin-
gle raster-scan. We wish to acknowledge that an optical scheme capable of acquiring
both bright- and dark-field images has been demonstrated at visible wavelengths [189],
but does not capture both images simultaneously, requiring manual reconfiguration to
switch between imaging modes. In contrast, our present simultaneous bright- and dark-
field system also maximizes the information collection in comparison to standard raster
imaging schemes, making the best use of limited terahertz power and scan time within
a single acquisition. The reflection mode of our system is also beneficial for samples
with high moisture content, which has been identified as an issue for terahertz dark-
field imaging operating in transmission mode [191]. In such scenarios, the low trans-
mitted power from beam-blocking is exacerbated by the high absorption of water at ter-
ahertz frequencies. With a focal length of 47.3 mm and bright-field spatial resolution of
0.391 lp/mm, we demonstrate the capability of our design by detecting features within
natural wood-grain, for future non-invasive biological imaging, and defects inflicted to
fibreglass, for non-destructive testing of composite material integrity.
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3.2 Design of Optical Train

The key feature of the design shown in Fig. 3.1 (a) is to launch an annular beam with a
double-axicon expander, and then focus this beam onto the target for oblique incidence.
In this way, the annular beam is generated by deflecting the central portion of the input
Gaussian beam, rather than obscuring it with a conventional beam blocker. Since the
central portion of the Gaussian beam contains the majority of the power, the double-
axicon conserves the limited terahertz power. To simultaneously measure the bright-
and dark-field information, we use terahertz frequency extensionmodules fromVirginia
Diodes Inc. attached to a Keysight precision network analyser to acquire complex re-
flection and transmission spectra across 220–330 GHz. The transceiver unit contains a
directional coupler, allowing the power reflected back from the system to be measured
during transmission. In the bright-field path, power that is specularly reflected from the
target, which contains the low spatial-frequency information, travels back through the
same lenses to the transceiver. In the dark-field path, power that is scattered from the
target containing the high spatial-frequency information is collimated by the objective
and directed towards a mirror placed inside the centre of the annular-beam, reflecting it
90° towards the receiver. The design of the optical train can be easily adapted to work
with other systems, provided they have some form of free-space coupling.

Ray-tracing is used to design the dark-field optical train within ANSYS Zemax OpticStu-
dio, and scalar diffraction theory simulations performed to take diffraction into consid-
eration and validate the field distribution of the desired annular-beam. All lens compo-
nents are implemented in COC, a 3D-printable polymer that features low dispersion and
low loss over terahertz frequencies, advantageous for optical components [143]. While
the 3D-printing process slightly increases scattering losses in comparison to traditional
injection moulding techniques, 3D-printed lenses maintain reasonable optical perfor-
mance in the range of 220–330 GHz, where imperfections are sub-wavelength [137].
These properties permit low chromatic aberration over the 220–330 GHz range, with no
absorption peaks or molecular resonances. Refractive index 𝑛COC = 1.521 and tan 𝛿 =
0.0004 is used from previous lens design work [202].

We first design the plano-convex collimating lens to transform the quasi-spherical wave-
front emitted by the horn antenna to a collimated beam, indicated by L1 in Fig. 3.1(a).
The aperture of 48.5 mm accommodates a 1∕𝑒2 beam diameter of 40.76 mm at 220 GHz,
100 mm away from the end of the horn antenna that is attached to the transmitter. The
larger aperture is left as a margin in order to avoid truncating the diverging Gaussian
beam.
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A double axicon expands the collimated beam into a large annular shape by first deflect-
ing the power away from the optical axis, and then correcting the diverging beam such
that it propagates parallel to the optical axis. This is done in order to fit a small, off-axis
reflector inside the centre-null. To diverge the collimated beam, we use a negative axi-
con lens with a diameter of 46 mm and 36° incline angle as indicated by L2 in Fig. 3.1(a).
This lens is placed against the first collimating lens L1. To then correct the divergence of
the first axicon into a collimated annular-beam, we use a positive axicon with a diameter
of 96.8 mm and identical incline angle as indicated by L3 in Fig. 3.1(a). The distance be-
tween negative axicon L2 and positive axicon L3 is chosen such that the outer diameter
of the annular-beam is smaller than the lens holder’s clear aperture of 96.8 mm, and so
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Figure 3.1: Lens trainmodel of the imaging system. (a) Lens diagram showing the path from the transceiver
to the target through L1: Horn collimating lens; L2: Diverging axicon lens; L3: Collimating axicon lens;
L4: Objective lens M1: 45° mirror; L5: Collector collimating lens. (b) Cross section of collimated annular-
beam, indicated by the purple dashed line, with 24 mm axicon separation, computed with the Physical
Optics Propagation mode in ANSYS Zemax OpticStudio. All three frequencies have at least 36 mm centre
null diameter at −10 dB.
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that a mirror of 30 mm diameter can be placed inside the centre of the beam. This de-
sign optimization is performed by computing the cross section of the collimated annular
beam at increasing separation distances. For a 24mm separation between the axicons, at
−10 dB from the peak of the ring, the centre null is approximately 35mmwide at 220, 275
and 330 GHz, as shown in Fig. 3.1(b). Therefore, a 30 mm diameter cylinder is removed
from the centre of the positive axicon, allowing mounting holes for the reflector to be
incorporated onto the base. Since the axicon lenses are modelled as standard spherical
surfaces with a near-zero radius of curvature, a small region in the centre of both axicon
lenses is not perfectly conical. As such, the simulations show that a portion of the colli-
mated beam passes directly down the optical axis, visible as a small null-central spot in
Fig. 3.1(b).

For the objective lens, L4, a large aperture of 92.7 mm, and short focal length of 47.3 mm
are chosen for a small spot size and steep angle of incidence on the target. The theoretical
full width at half maximum (FWHM) of the focused annular-beam is [199],

FWHM = 0.36𝜆0
NA . (3.1)

At 220, 275 and 330GHz, thewavelength 𝜆0 equals 1.364, 1.091, 0.909mmandnumerical
aperture NA = 0.75. Assuming approximately equal beam diameter of 70 mm from
Fig. 3.1(b), the expected fwhm is therefore 0.655, 0.524, 0.436mm respectively.

The cylindrical body of the 90° reflector is 3D-printed fromPLA.AlthoughPLA is lossy at
terahertz frequencies [203], the body of the reflectors does not interact with the annular-
beam, imposing no loss. A diameter of 30mm is chosen to staywell within the centre null
of the collimated annular-beam, to avoid unwanted shadowing and diffraction effects.
This results in the dark-field imaging path having a numerical aperture of 0.32, limited by
the diameter of the reflector. To construct the reflector, the elliptical profile is traced onto
and cut from copper film with an adhesive backing. The PLA surface is sanded smooth
and the copper tape is adhered to form a reflective surface. This assembly is mounted
to the flat side of the positive axicon with M4 bolts. To capture the reflected waves, a
plano-convex lens with an aperture of 40 mm and focal length of 75 mm is positioned off
axis, focusing the scattered power to the horn antenna on the receiver unit.
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3.3 Measurement of System Performance

3.3.1 Annular-beam Collimation

To ensure the annular-beam is collimated and the centre-null is compatible with the
mirror, we use the near-field probe setup shown in Fig. 3.2(a) to take transmission raster
scans of the 𝑥𝑦 plane at increasing distance 𝑧𝑑 away from the tip of the reflector M1. Our
raster scanning system typically requires 3.3 s∕mm2 for a mechanical step resolution of
0.15 mm. Improvements to the scan time could be made by fine tuning the control sys-
tem for the scanning stage, as some sacrificial margin is typically added around the area
of interest to avoid distortion from mechanical vibrations and instability during acceler-
ation and deceleration movements. Over 𝑧𝑑 = 0–60mm, the beam stays approximately
the same size, with very minor beam non-uniformity visible inside the null, which is
not expected to impact performance. The beam features an approximate inner diame-
ter of 68.09 mm and outer diameter of 94.59 mm measured at 𝑧 = 30mm, indicating
reasonable collimation as shown in Fig. 3.2(b).

3.3.2 Focal Spot Size

In order to ensure the optical train is focusing the beam as expected, we place the objec-
tive L4 after the second axicon lens L3 and take a near-field 𝑥𝑦 raster scan of the focal
plane with the apparatus shown in Fig. 3.2(c). From the plane shown in Fig. 3.2(d) we
use the cross section shown in Fig. 3.2(e) to extract the FWHM spot sizes of 0.929, 0.763,
0.667 mm at 220, 275 and 330 GHz respectively. The shortening wavelength leads to this
decrease in spot size, and a corresponding improvement in imaging resolution. These
values approximately align with those calculated earlier, 0.655, 0.524, 0.436 mm. Some
discrepancy is attributed to system misalignment and surface imperfections of the 3D-
printed lenses.

3.3.3 Spatial Resolution

To assess the bright-field spatial resolution of the system, we configure the complete sys-
tem as shown in Fig. 3.3(a) to image a resolution test target. Following the standard set
in Chapter 2, we use the Siemens star target shown in Fig. 3.3(b) to extract theMTF from
the bright-field time-domain image in Fig. 3.3(c) with the method detailed in [185]. The
Siemens star features fifteen planar, triangular patches of copper, arranged in a circu-
lar pattern to form highly reflective “spokes.” We use the time-domain image here to
avoid interference artifacts that are present at single frequencies, which can degrade the
image. The time-domain image is obtained by performing an IFFT on the complex fre-

55



3.3. Measurement of System Performance

quency spectrummeasured from 220–330 GHz, as described in [202]. As the spot moves
closer towards the centre of the Siemens star, the dark-field image in Fig. 3.3(d) shows
that power diffracts from the target as the spokes form a grating, corresponding to the
expected decrease bright field contrast. We also note that the dark-field image resolves
the subtle change in depth along the perimeter of the spokes where the edge scatters
the incident wave. No information from the centre of the spokes is resolved in the dark-
field image, since there are no changes in depth or absorption across the surface. The
expected and opposite effect is seen in the bright-field image, where the uniform copper
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Figure 3.2: Near field scanning setup of the imaging system. (a) Photograph of scanning setup to observe
the collimated annular-beam. L1:Horn collimating lens; L2:Diverging axicon lens; L3: Collimating axicon
lens; M1: 45° mirror. The dark-field collector components are not included here. (b) Transmission raster
scans along of the 𝑥𝑦 plane at 𝑧 = 0–60mm, showing the collimated ring at 275 GHz. (c) Photograph
of the objective lens, L4, positioned after the second axicon, L3, with scanning setup to measure the spot
size. (d) Transmission raster scan along the 𝑥𝑦 plane showing the location of the system focus at 275 GHz,
cropped to ±4mm. (e) Cross section at 𝑦 = 0, showing a FWHM of 0.763 mm, calculated from the fitted
Gaussian curve.
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regions appears bright and fine features appear darkened. The Siemens star target pro-
vides an intuitive demonstration of the expected dark- and bright-field results, showing
where power is lost from the bright-field image due to scattering and diffraction. Mea-
suring theMTF of the bright-field image at a radius of 0.1–24 mm, we obtain aMTF10 of
0.391 lp/mm andMTF50 of 0.192 lp/mm, indicated in Fig. 3.3(e). To improve the spatial
resolution of the system, the dimensions of the lens components could be increased.
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Figure 3.3: Spatial resolution test of the imaging system. (a) Photograph of the experimental imaging sys-
temwith the resolution test target positioned at the focal plane of the objective. L1: Horn collimating lens;
L2: Diverging axicon lens; L3: Collimating axicon lens; L4: Objective lens; M1: 45° mirror; L5: Collector
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3.3.4 Efficiency

A key motivation behind the development of the non-blocking design is to increase the
power incident upon the target with the use of the axicon pair. To measure the system
efficiency, we raster scan the output of the horn antenna at the location of the first lens
L1, shown in Fig. 3.4(a), and compare it to the raster scan of the focal plane, shown in
Fig. 3.4(b). For this measurement we use the same raster-scanning setup as Fig. 3.2(a).
The raster scanning apparatus measures semi-continuously, recording the stage position
when a new complex transmission measurement is available. Both scans do not share a
common set of points along the 𝑥-axis, so both scans are interpolated to a common and
regularly spaced Cartesian grid in order to integrate over the same number of pixels. For
each of the 1000 frequencies in the span of 220–330 GHz, we integrate the intensity of
the horn scan and the focus scan, and take the ratio of the two as the power efficiency
for that frequency.
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Figure 3.4: Power transmission efficiency of the optical train. (a) Transmission intensity at 275 GHz, mea-
sured 100 mm away from the horn antenna, without the dark-field system. (b) Transmission intensity at
275 GHz, measured at the focal plane of the dark-field system. (c) Percentage transmission efficiency at
the focal plane relative to the horn antenna.
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This result is displayed in Fig. 3.4(c), showing an increased efficiency at higher frequen-
cies. This may be due to the beam divergence angle of the horn antenna decreasing pro-
portional to wavelength; if the probe has minor misalignment along the optical axis, the
longer Rayleigh range at higher frequency will better compensate for any error. An aver-
age efficiency of 33.15% is measured across the frequency range, lower than the 54.51%
estimated in ANSYS Zemax OpticStudio, which accounts for Fresnel reflection losses.
The lower efficiency is likely due to the fact that the diverging axicon is not modelled
as a perfectly inverted cone but features a near-zero radius of curvature in the centre.
Since the 3D-printer cannot reproduce such infinitesimal features, the apex of the in-
verted cone is larger than designed, which transmits more power than expected through
to the centre of the collimating axicon. In the experimental setup, this additional un-
wanted power is blocked by the base of the reflector. Other losses are attributable to sev-
eral factors including lensmisalignment, lens surface roughness, and dissimilar coupling
characteristics of the probe tip between the diverging horn beam and the focused spot.
Despite the discrepancy between simulated and measured performance, our system still
outperforms the <1% efficiency of conventional dark-field systems in the literature [192].

3.4 Demonstration of Simultaneous Bright- and Dark-
field Imaging

3.4.1 Biological Sensing

To demonstrate the capture of scattered information by the dark-field imaging compo-
nent of our system, we place the cut section of Eucalyptus cladocalyx branch shown in
Fig. 3.5(a) at the focal plane of the system. We see in Fig. 3.5(b) that the bright-field image
is able to capture the various growth rings from the section of branch. This bright-field
image exhibits low contrast, indicatingmoderately uniform specular reflection across the
sample. Observing the dark-field image in Fig. 3.5(c), we see a higher degree of contrast
from the ring features. To exploit the merits of both modes of imaging, we clip the data
to the central 95% intensity distribution of each monochrome image, map the intensity
to the transparency channel of red and blue layers, and overlay the dark-field onto the
bright-field to form the composite image shown in Fig. 3.5(d). While the biological origin
of this scatteringmechanism is outside the scope of this work, here we speculate that the
interface between the lighter (less dense) and darker (more dense) regions of the wood
essentially act as an abrupt change in refractive index, scattering the focused terahertz
power. The red shows bright-field information, with darker regions indicating where
power is lost to absorption or scattering. As expected, some of these nulls in the bright-
field image are resolved as scattering in the dark-field layer, shown in blue. From these
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results, the bright-field image contains the bulk of the information from the sample and
the dark-field image detects subtle outlines and edges, forming a useful complimentary
image capability.

3.4.2 Surface Defect Detection

To demonstrate the difficulty of imaging superficial sub-wavelength features and the en-
hanced contrast of the dark-field images, we present the acrylic blockwith several surface
scratches shown inFig. 3.6(a). An opticalmicroscope is used tomeasure the approximate
scratch width of 180 µm, as annotated in the inset Fig. 3.6(b). Since the acrylic substrate
is smooth and flat, we expect the bright-field image to contain a high amount of reflected
terahertz power. This is evident in Fig. 3.6(c), where the majority of the scanned area is
brighter. The small feature size relative to the spot size makes the scratches difficult
to distinguish, as the change in reflected power across the scratches is low. The dark-
field image in Fig. 3.6(d) shows improved contrast, as the background level of scattered
power from the smooth and flat substrate is low. This comparison demonstrates where
the dark-field imaging is the most effective, for highly reflective targets which suppress
the features of interest in a traditional bright-field scheme.
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Figure 3.5: Detection of growth rings in cut Eucalyptus cladocalyx branch. (a) Photograph of the tree
branch cross section. (b) Bright-field time domain image. (c) dark-field time domain image. (d) Composite
image of bright and dark-field images mapped to red and blue colour channels respectively. We clip both
images to the central 95% intensity distribution of data and map the intensity to the alpha channel of red
and blue colour mattes, overlaying the dark-field onto the bright-field to form the composite.
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3.4.3 Defect Detection in Composites

Since NDT of composite materials is a promising area for terahertz imaging technolo-
gies [154], we demonstrate the detection of intentionally introduced defects in two sam-
ples: a fibreglass and resin laminate block, shown in Fig. 3.7(a), and an aluminium hon-
eycomb and carbon fibre sandwich panel, shown in Fig. 3.8(a). The fibreglass sample
highlights the potential of the dark-field methodology for sub-surface feature extraction,
offering additional insight into material composition beyond standard bright-field imag-
ing. To simulate air-filled delaminations, holes of 1.0, 1.5, and 3.0mmare drilled through
the fibreglass block [154]. The block is placed in the imaging system, with the holes
approximately at the focal plane. Scans are conducted using both vertical and horizon-
tal polarizations to account for potential anisotropic material properties, with horizon-
tal polarization achieved by introducing waveguide twists before both horn antennas
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Figure 3.6: Detection of surface defects on acrylic substrate. (a) Photograph of the acrylic slab with several
surface scratches. (b)Opticalmicrograph of surface defect, indicating the scratch defects are approximately
180 µm in width. (c) Bright-field time domain image. (d) Dark-field time domain image. We clip both
images to the central 98% intensity distribution of data to remove any outliers.
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and realigning the system. The three holes are detectable in the bright-field images in
Fig. 3.7(b) and Fig. 3.7(c) as the terahertz waves are reflected at the fibreglass and air
interface. Some vertical background artifacts are present, which we attribute to the glass
fibre matrix. Notably, complementary regions are discernible in the bright-field images,
with certain areas reflectingmore strongly in vertical polarization and others in horizon-
tal, suggesting polarization dependence due to the sample’s construction. The dark-field
images in Fig. 3.7(d) and Fig. 3.7(e) show strong scattering from the defects, with the
vertical polarization showing the defects more clearly. This indicates a stronger scatter-
ing effect is present when using horizontal polarization, in agreement with the stronger
contrast of the bright-field image seen in Fig. 3.7(b). Drawing conclusions on the nature
of the internal fibre composition is outside the scope of this work, but we believe the
acquisition of the dark field information is not negligible, and may aid in discerning the
orientation of internal composite materials.
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Figure 3.7: Defect detection in fibreglass block. (a) Photograph of the fibreglass sample on the scanning
stage, with drilled holes aligned horizontally. (b) Bright-field time domain imagewith vertical polarization.
(c) Bright-field time domain image with horizontal polarization. (d) Dark-field time domain image with
vertical polarization. (e) Dark-field time domain image with horizontal polarization. We clip all images to
the central 98% intensity distribution of data to remove any outliers.
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To further demonstrate the improved detection of composite surface defects with dark-
field imaging, the carbon fibre panel in Fig. 3.8(a) undergoes a three-point bend test,
where mechanical force is applied to the central region of the panel. The test fractures
the carbon and resin composite, with the fracture faintly visible in Fig. 3.8(a). We place
the panel in the imaging system, with the surface at the focal plane. The bright-field im-
age in Fig. 3.8(b) shows a reduction in reflected terahertz power around the area of the
defect, likely due to surface deformation and subsequent deflection of the reflected beam
at the conductive carbon surface. The dark-field image in Fig. 3.8(c) shows a reduction
in scattered power at the location of the fracture, indicated by the darker vertical region.
The dark-field image better localizes the fine fracture feature, while the bright-field im-
age remains useful in finding the defect’s approximate location. These two composite
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Figure 3.8: Defect detection on carbon fibre panel which has undergone a three-point bend test. (a) Pho-
tograph of the panel, with the vertical fracture approximately in the centre. (b) Bright-field time domain
image. (c) Dark-field time domain image. We clip both images to the central 98% intensity distribution of
data to remove any outliers.
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3.5. Conclusion

samples show that although the bright-field method alone can detect and localize sub-
surface and superficial defects, the dark-field images provide additional insight into the
nature of these defects and improves localization for surface features.

3.4.4 Crystalline Identification

The detection of illicit substances within postal facilities has been identified as an appli-
cation suited for terahertz technology [16]. Many such substances have spectral finger-
prints in the terahertz range, allowing terahertz TDS systems to classify chemical com-
position. The scattered power received from the crystalline target is proportional to the
grain size, which permits dark-field techniques to assess the granularity [16]. The low
received power and hence low signal to noise ratio of dark-field imaging inhibits ac-
curate terahertz measurement at higher frequencies. In future work, by including the
bright-field imaging path in our system, we hope to simultaneously perform parame-
ter extraction in reflection mode, whilst maintaining the dark-field imaging system for
the localization of crystalline substances. Figure 3.9(a) shows a photograph of an enve-
lope concealing two sachets of sugar, with the leftmost having its contents replaced with
finer “caster” sugar. By placing the envelope at the focal plane and acquiring an image,
we reveal the sachets in both the bright- and dark-field images, shown in Fig. 3.9(b) and
Fig. 3.9(c) respectively. The bright-field image shows a great degree of variation over the
two sachets, providing limited information about their contents. On the other hand, the
dark-field image shows amore uniform scattering profile, with the rightmost sachet con-
taining larger granules showing an increase in scattered power as expected. This sample
serves to reinforce the idea that the dual imaging modes of our system complement each
other, providing additional information where one mode may not be as suitable.

3.5 Conclusion

Efficient systems are needed for terahertz imaging applications to conserve and concen-
trate the limited available power over awide bandwidth. For targetswith features that are
sub-wavelength or have low index contrast such as indentations and bubbles, dark-field
techniques are generally more suitable than bright-field ones, but traditional dark-field
setups suffer from low power transmission. By using a double-axicon beam expander, we
increase the terahertz power at the target, from < 1% with a typical setup [192] to an av-
erage of 33.15% with ours. Further efficiency gains can be achieved with anti-reflective
coatings, more precisely made optical components, and better alignment. We demon-
strate a terahertz imaging system for the simultaneous acquisition of bright and dark-
field images, observing the contrast in dark-field due to scattering from growth rings
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in wood, hidden crystalline substances, and defects in composite and bulk materials.
These samples show an improved contrast for fine sub-wavelength features when using
dark-field imaging, especially in scenarios where such features are superficial and do not
strongly vary in reflectivity. It is worth noting that, for the results obtainedwith the dark-
field system, their interpretation is the direct result of speculative assessment given pre-
vious terahertz NDE experience. The assistance of subject-matter experts, such as those
in thewood and forestry industry in the case of the branch cross-section, would be neces-
sary to providemore detailed and substantial claims on the underlying scattering physics.
Scope remains for future work in investigating the scattering mechanisms for the com-
posite materials and their polarization dependence. The experimental demonstrations
included in this work intend to show that this systemwill likely permit improvements to
terahertz imaging systems, especially those used for imaging samples which have proven
challengingwith traditional bright-field techniques. We believe samples with highmois-

Normalised Intensity

(a)
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(b)

(c)

10 mm

10 mm

Figure 3.9: Detection of concealed granular substance in paper envelope. (a) Photograph of the envelope,
with the sachets containing caster and regular sugar slightly visible through the paper. (b) Bright-field time
domain image of the envelope. (c) Dark-field time domain image of the envelope. The smaller grain size
of the caster sugar scatters less terahertz power, as is evident in the dark-field image. We clip both images
to the central 98% intensity distribution of data to remove any outliers.
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ture content or lossy materials, along with low index contrast will benefit most, such as
biological tissues or composite materials.
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Chapter 4

Non-contact Probing of Active
Semiconductor Devices Using
Terahertz Waves

Abstract

Terahertz waves are sensitive to changes in free carriers within semiconductor materi-
als. To date, research in this area has focused on spectroscopic analysis of exposedwafers
and inactive devices. In principle, terahertz waves should be able to probe packaged and
active semiconductor devices subjected to bias signals, which induce changes in the car-
rier density across a PN junction. A challenge lies in a discrepancy between the probing
spot size on the order of millimetres at 275 GHz, and the sub-wavelength footprint of a
PN junction, which results in small changes of any reflected terahertz waves. Although
normally buried underneath the phase noise of the terahertz oscillator, these minuscule
changes in carrier density can be observed as a baseband signal in complex reflection
measurements using a homodyne quadrature receiver. Due to the high sensitivity of this
transceiver, sub-wavelength targets can be effectively monitored with conventional ter-
ahertz optics. These experimental results demonstrate the ability of terahertz waves to
non-invasively monitor semiconductor device activity without physical contact. We an-
ticipate that this work will be a precursor for non-destructive inspection of chips during
production and the covert monitoring of operational devices.
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4.1. Introduction

4.1 Introduction

The effects of charge carrier injection on the electromagnetic properties of silicon have
been thoroughly studied [204] and terahertz testing of semiconductormaterials has been
conducted since the inception of terahertz TDS [9]. This early research sought to find
suitable materials to build terahertz components, to support the development of elec-
tronic systems operating in the terahertz range, between 0.1 and 10 THz [3]. Due to
wavelength, terahertz waves are sensitive to free carriers but not the crystalline struc-
ture in semiconductors [205]. The carrier density and carrier mobility of semiconduc-
tors are relevant to the plasma frequency and damping rate, which for moderately doped
semiconductors falls into the terahertz region. To date, a large number of terahertz spec-
troscopic studies have been conducted on homogeneous semiconductors over a broad
range of doping levels [12], [206], [207], [208], [209], [210], [211]. Terahertz near-field
nanoscopy has been applied to unbiased transistors to reveal their doping profiles, show-
ing terahertz waves are more sensitive than infrared waves for a typical range of carrier
concentrations between 1016 and 1019 cm−3 [11], [212], though the use of an oscillat-
ing probe requires physical access to the semiconductor. Extending the concept of TDS,
terahertz ellipsometry has been used to spatially map the conductivity, carrier density,
and carrier mobility of silicon carbide wafers [213]. Using optical-pump terahertz-probe
(OPTP) spectroscopy, both organic and inorganic semiconductors were subject to an op-
tical stimulus above their energy band gap to further study carrier dynamics, particularly
the recombination time [214], [215], [216], [217]. In laser emission terahertzmicroscopy
(LTEM), femtosecond laser pulses were fired at exposed semiconductor chips, which,
through a nonlinear response, generates bursts of terahertz waves [218], [219]. These
terahertz spectroscopic studies were not conducted with active semiconductor devices
under their normal operation conditions, and require devices be physically exposed for
electrical contact or near-field coupling, not amenable for non-destructive testing of ac-
tive devices. For the purpose of this work, we define active semiconductor devices as
those typically subject to applied voltage bias.

In this article we study the behaviour and properties of packaged semiconductor devices
in the low- or sub-terahertz region due to electrical stimulus during low frequency opera-
tion. The physical size of carrier-active sites within devices are typically sub-wavelength
over the WR3.4 band of 220–330 GHz, necessitating sensitive detection schemes to ob-
serve the changes in the reflected terahertz spectra. Although a VNA configuration is
highly sensitive, the sampling rate and bandwidth is too low to observe a sideband mod-
ulated onto a reflected terahertz wave by rapidly oscillating charge carriers. In addition
to sampling challenges, weak sidebands close to a terahertz carrier are typically difficult
to resolve due to the poor phase noise performance ofmultiplier-based terahertz sources.
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To overcome these challenges, we opt for a highly sensitive down-mixing scheme in the
form of a homodyne quadrature receiver, permitting real-time acquisition of reflected
terahertz sidebands, down-mixed to baseband relative to the terahertz carrier. In this
work we observe amoderately strong response from carrier injection or depletion within
the PN junction of a diode, due to the sensitive detection system and the strong elec-
tron plasma resonance over 220–330 GHz. This is observable in our prior preliminary
work [220]. We show this phenomena is valid for a variety of semiconductor compo-
nents, and also confirm that the modulation effects are not thermo-optic in nature.

4.2 Low Frequency Operation

APN junction relies on the interaction of carriers between anN-type semiconductor and
a P-type semiconductor, each doped to increase the number of electrons (in the N-type)
or holes (in the P-type) in the material [221]. Under forward-bias conditions, the de-
pletion region of a diode narrows and current flows through the device, transported by
majority carrier drift. This phenomena is commonly leveraged to realize silicon opti-
cal modulators [222] and programmable terahertz metamaterials [223], both of which
demanded customized waveguide or antenna designs to enhance the effects to the inter-
acting waves.

4.2.1 Fresnel and Drude Modelling

At the forward-bias condition, there is sufficient increase in the carrier concentration
for the material to take on conductive properties [224]. For this work, a 1D PN junction
model inCOMSOLmultiphysics [225] is used to calculate the voltage dependent electron
and hole concentrations at the centre of the junction, which are shown in Fig. 4.1(a). We
note that the concentrations are equal due to identical acceptor and donor concentra-
tions. The applied voltage 𝑉𝑎 is stepped from 0–2 𝑉DC, over 50 points. We use a Drude
model to describe the response of injected free carriers to an incident terahertz waves
according to the complex permittivity function [208], [226]

𝜀D =𝜀∞ −
𝜔2
𝑝𝑒

𝜔2 + 𝑖𝛾𝑒𝜔
−

𝜔2
𝑝ℎ

𝜔2 + 𝑖𝛾ℎ𝜔
, (4.1)

where 𝜀∞ = 11.7 is the dielectric constant of silicon, 𝜔 is the angular frequency of the ter-
ahertz wave, 𝛾𝑥 = 𝑞∕𝑚∗

𝑥𝜇𝑥 is the inverse carrier collision time, and 𝜔𝑝𝑥 =
√
𝑁𝑥𝑞2∕𝜀0𝑚∗

𝑥

is the plasma frequency, with subscripts 𝑥 = 𝑒, ℎ denoting electrons and holes. 𝑞 de-
notes the fundamental charge,𝑚∗

𝑒 = 0.26𝑚𝑒 and𝑚∗
ℎ = 0.38𝑚𝑒 are the effective electron

and hole masses in silicon [226], 𝜇𝑒 = 1364.7 cm2V−1s−1 and 𝜇ℎ = 465.7 cm2V−1s−1 are
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4.2. Low Frequency Operation

the carrier mobilities in silicon [225], and 𝑁𝑥 is the carrier concentration. The applied
voltage, electron and hole mobilities, and the voltage dependent electron and hole con-
centrations are exported from COMSOL into a Python script for use within the Fresnel
model. The carrier mobility is approximated using a method [227] which assumes the
mobility is dependent on the temperature and dopant concentrations [228].

Figures 4.1(b) and 4.1(c) display the simulated relationship between bias voltage and
complex permittivity components over 0.1–1.0 THz. As the bias voltage reaches approx-
imately 0.5 VDC, the PN junction approaches a conductive state and the complex per-
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Figure 4.1: Simulation of terahertz interaction with free carriers in the PN junction. (a) Simulated electron
and hole concentration over bias voltage steps, equal at the centre of the depletion region, and the resultant
calculated electron plasma frequency. (b) Real and (c) imaginary components of the permittivity at the
centre of the depletion region. (d) Absolute amplitude of calculated terahertz time-domain signals with
a bandwidth between 220 and 330 GHz upon reflection from a packaged PN junction over bias steps of
0–2 VDC, with the peaks corresponding to the reflections from the air, diode casing, and silicon interfaces.
The inset shows the configuration used for the Fresnelmodel calculations, where refractive indexesnair=1,
nCOC=1.53, and ncasing=1.5, and the distances used to construct the model are [210, 15, 80, 43.546, 47.9,
0.25, 0.5, 0.25, 100] mm.
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mittivity changes abruptly as the excess of majority carriers diffuse across the narrowed
depletion region. This sudden change coincides with the plasma frequency exceeding
the frequency of the incident wave as the carrier concentration increases. We observe a
stronger response at the lower end of the frequency range as the electron plasma reso-
nance tapers off proportionally to the total number of injected carriers [229], as shown
in Fig. 4.1(a). This frequency-dependent response is evident in the swing in complex
permittivity in Fig. 4.1(b) and Fig. 4.1(c), where the deviation from the intrinsic values
at zero-bias is greater at lower frequencies. This in turn causes the material to take on
more reflective properties, as a material will exhibit metal-like properties at frequencies
below the plasma frequency, and exhibit dielectric-like properties above the plasma fre-
quency [229]. We further demonstrate this effect in Fig. 4.2 by calculating the reflectiv-
ity [179] of the centre of the PN junction in air, using the complex permittivity calculated
in Fig. 4.1(b) and Fig. 4.1(c).

Having established a simplifiedmodel of the complex permittivity of the PN junction, we
turn our attention to modelling the quasi-optical system used in this work, for which we
employ a frequency-domain Fresnel interferencemodel [7] to calculate the time-domain
response of a PN junction with varying carrier concentration. For this model we make
the assumption that the plane-wave model should be sufficient for the system operating
close to the diffraction limit, where the interaction is mostly limited to the material of
interest, in this case the depletion region of a PN junction. Neglecting Fabry-Perot re-
flections, we model the complex spectrum from multiple interfaces and their response
according to the method detailed in [7]. An inverse Fourier transform is applied to the
spectral response to resolve the time-domain; this method is analogous to measuring the
complex 𝑆11 with the VNA to recover the time-domain. The model follows a collimator
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Figure 4.2: Change in reflectivity of modelled material between 0.1–1 THz. Fresnel reflectivity coefficient
for a normally incident wave incident upon the material modelled by Fig. 4.1(b) and (c), referenced to a
refractive index of 1.
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4.2. Low Frequency Operation

and objective lens setup, used to focus the terahertz beam down onto the diode which
is modelled as silicon encapsulated by plastic. Fresnel coefficients are computed at de-
fined material interfaces as illustrated by the inset of Fig. 4.1(d), with the reflected time-
domain response calculated at each bias voltage. From structural information obtained
via X-ray computed tomography, the physical structure of the diode is simply modelled
as a one dimensional, multi layer device, with an inner 0.5 mm thick silicon layer encap-
sulated by 0.25 mm plastic casing layers.

The modelled PN junction approximates that of the rectifier diode, as the actual doping
profiles are proprietary and thus unknown. As such, we do not expect the model to
agree perfectly with experimental results, but instead exhibit a highly similar response
due to carrier injection and depletion. We note that the model assumes a bandwidth of
110 GHz as used in the experimental setup, indicated by the yellow region of Fig. 4.1(a),
and a uniform depletion region across the PN junction.

We evaluate this model over the same 50 point bias voltage steps using in Fig. 4.1(a),
computing a time-domain trace at each bias voltage and thus carrier concentration val-
ues for the PN junction. The time-domain representation of the shallow diode surfaces
is smeared into two main peaks due to the depth resolution of 1.25 mm [7], limited to
the bandwidth capability of the experimental system. Observing the portion of the time-
domain corresponding to the diode, we show in Fig. 4.1(d) a positive change in reflec-
tion at the casing-silicon interface of the diode, and a corresponding negative change
in reflected power off the silicon-casing interface. The front reflection increases with
bias voltage and effectively shadows the back interface at approximately 2.87 ns in the
time-domain. Overall, this trend is a result of increasing conductivity of the silicon with
increasing bias voltage.

4.2.2 Experimental Validation

To experimentally validate this model, a 1N4007 silicon rectifier diode is exposed to fo-
cused terahertz waves through 3D-printed COC collimator and objective lenses shown in
Fig. 4.3(a) and Fig. 4.3(b), with a 1∕𝑒2 spot size of approximately 1.3 mm at 275 GHz, and
an expected sub-millimetre depth of focus [230]. For the quadrature receiver shown in
Fig. 4.3(a), a WR3.4 TxRx vector network analyzer extender (SNR) from Virginia Diodes
Inc. attached to a Keysight N5222B VNA is used to multiply high-frequency signals in
the range of 9.1–18.4 GHz up to 220–330 GHz, and down-mix them to an intermediate
frequency of 279 MHz for demodulation. Two terahertz signals are generated inside the
SNR to achieve this; one, a RF signal at the terahertz carrier frequency to be transmitted,
and two, a local oscillator (LO) offset from the terahertz carrier by 279 MHz.
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As an example, to probe the target at 275 GHz, a 275 GHz RF signal is generated by the
SNR to both probe the target and serve as a reference, and the 275.279 GHz LO is gen-
erated to down-mix the RF signals to the intermediate frequency (IF) frequency. The
two copies of the LO are fed into down-converting mixers, one with the original RF
signal to serve as a reference, and the other with the transceived RF signal containing
any static reflections from lenses, reflective interfaces, and modulation from the target.
This produces two 279 MHz signals at the output of the SNR; the ‘Ref’ which acts as
an intermediate LO and the ‘Meas’ which acts as an intermediate RF. These LO and
RF signals are each amplified by a MiniCircuits ZFL-500HLN low noise amplifier and
drive a SigaTek QD54A10 in-phase and quadrature (IQ) demodulator. The demodulator
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Figure 4.3: Integrated quadrature receiver system. (a) Diagram of the experimental setup used to measure
complex reflection over 220–330 GHz. A vector network analyzer (VNA) extension module (VNAX) [231]
is used to down-convert the terahertz carrier to an intermediate frequency, providing a reference (Ref.)
of the transmitted signal, and a measurement (Meas.) signal encoded with the modulation from the tar-
get. RF switches are used to switch data acquisition between the VNA and the custom IQ demodulator
attached to the digital storage oscilloscope (DSO) for digital signal processing; the VNA configuration is
used for imaging, and the DSO configuration is used for observing carrier sidebands and temporal mea-
surements. The VNA provides the 10 MHz reference clock for the DSO and the AWG (used for megahertz
frequency bias). (b) Annotated photograph of the setup. The inset shows the IQ demodulator with LO and
RF low noise amplifiers (LNA), and the anti-aliasing filters for the I and Q signals. 3D printed cyclic olefin
copolymer lenses collimate and focus the beam from the horn antenna to an approximately 1.3-mm spot
on the diode. The diode is retained in a screw terminal block and held 47.3 mm away from the objective
lens.
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features a maximum amplitude and phase imbalance of 0.6 dB and 6° respectively, im-
portant for maintaining signal-to-noise ratio [232], [233]. Anti-aliasing filtering of the
IQ signals is achieved with MiniCircuits SLP-100+ low-pass filters, limiting the base-
band output to DC–98 MHz. Two MiniCircuits ZX80-DR230-S+ SPDT RF switches are
included to switch the Ref and Meas signals from the SNR between the custom IQ de-
modulator and the VNA, enabling complex reflection measurement over 220–330 GHz
via either the conventional VNA method for capturing broadband 𝑆11 at a low temporal
resolution, or the custom homodyne quadrature receiver for capturing 𝑆11 at a single fre-
quency, at high temporal resolution. The twomodes can be selected, typically depending
on whether the desired measurement is mostly static and requires broadband observa-
tion, such as an offline target device, or if there are high-frequency dynamics that need
to be captured at a higher sampling rate, such as an operating target device. Topologies
similar to the quadrature receiver are common for sensitive measurements [234], such
as vital sign detection [235], [236], nanoscopy [212] and vibrometry [237]. With either
acquisition mode, the complex reflection data can be registered in broadband over 220–
330 GHz, and can be converted to a time-domain trace via an inverse Fourier transform.

The frequency extension modules utilize frequency multiplication to produce terahertz
waves, which degrades phase noise by 20 log10𝑁 [dB] [238], resulting in spectral broad-
ening. In turn, this decreases the coherence time of the terahertz radiation, limiting the
range at which targets can be coherently detected. By homodyning themeasured RF sig-
nal with a coherent LO, the adverse effects of phase noise exacerbated by the multiplier-
based sources are reduced, permitting highly sensitive measurement at high speed with-
out the need for averaging.

To reinforce the concept of operation, we include a mathematical description of the de-
modulator system. For simplicity, we do not account for the time delay accrued on the
measurement arm due to propagation and thus the de-correlation of phase noise, as well
as the loss incurred on the transmitted and received signal. To describe the generated
terahertz RF and LO signals, let

𝐸RF(𝑡) = 𝐴RF(𝑡) sin(𝜔RF𝑡 + 𝜙RF(𝑡)) and
𝐸LO(𝑡) = 𝐴LO(𝑡) sin(𝜔LO𝑡 + 𝜙LO(𝑡)) ,

(4.2)

where for both RF and LO multiplier chains 𝜔RF,LO is the angular frequency of the tera-
hertz carrier,𝐴RF,LO(𝑡) is the amplitude noise and 𝜙RF,LO(𝑡) is phase noise. Applying time
dependent amplitude𝐴PN(𝑡) and phase modulation 𝜙PN(𝑡) to the measured RF signal by
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reflecting 𝐸RF(𝑡) off of the PN junction, let

𝐸RFMod(𝑡) = 𝐴PN(𝑡)𝐴RF(𝑡)
× sin(𝜔RF𝑡 + 𝜙RF(𝑡) + 𝜙PN(𝑡)) .

(4.3)

To generate the reference signal 𝐸Ref for the IQ demodulator, the terahertz LO and RF
are multiplied:

𝐸Ref(𝑡) = 𝐸RF(𝑡) × 𝐸LO(𝑡)

= 𝐴RF(𝑡)𝐴LO(𝑡)
2

×
(
cos(𝜔RF𝑡+𝜙RF(𝑡) − 𝜔LO𝑡 − 𝜙LO(𝑡))

− cos(𝜔RF𝑡+𝜙RF(𝑡) + 𝜔LO𝑡 + 𝜙LO(𝑡))
)
.

(4.4)

To generate the measure signal 𝐸Meas for the IQ demodulator, the terahertz LO andmod-
ulated RF are multiplied:

𝐸Meas(𝑡) = 𝐸RFMod(𝑡) × 𝐸LO(𝑡)

= 𝐴PN(𝑡)𝐴RF(𝑡)𝐴LO(𝑡)
2

×
(
cos(𝜔RF𝑡+𝜙RF(𝑡) + 𝜙PN(𝑡) − 𝜔LO𝑡 − 𝜙LO(𝑡))

− cos(𝜔RF𝑡+𝜙RF(𝑡) + 𝜙PN(𝑡) + 𝜔LO𝑡 + 𝜙LO(𝑡))
)
.

(4.5)

Ignoring the cosine termswith the frequency sumof𝜔RF𝑡+𝜔LO𝑡, and letting intermediate
components 𝐴Ref(𝑡) = 𝐴Meas(𝑡) = 𝐴RF(𝑡)𝐴LO(𝑡), 𝜔IF = 𝜔RF − 𝜔LO, and 𝜙IF(𝑡) = 𝜙RF(𝑡) −
𝜙LO(𝑡) we are left with

𝐸Ref(𝑡) =
𝐴Ref(𝑡)
2 × cos(𝜔IF𝑡 + 𝜙IF(𝑡)) and

𝐸Meas(𝑡) =
𝐴PN(𝑡)𝐴Meas(𝑡)

2
× cos(𝜔IF𝑡 + 𝜙IF(𝑡) + 𝜙PN(𝑡)) .

(4.6)

The in-phase (I) component from the IQ demodulator is simply

𝐸I(𝑡) = 𝐸Ref(𝑡)𝐸Meas(𝑡)

= 𝐴Ref(𝑡)𝐴PN(𝑡)𝐴Meas(𝑡)
4

×
(
cos(2𝜔IF𝑡 + 2𝜙IF(𝑡) + 𝜙PN(𝑡))

+ cos(−𝜙PN(𝑡))
)
.

(4.7)

The quadrature (Q) component from the IQ demodulator is similar to I, but 𝐸Ref(𝑡) un-
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dergoes a 𝜋∕2 phase shift such that

𝐸Ref 𝜋∕2(𝑡) =
𝐴Ref(𝑡) sin(𝜔IF𝑡 + 𝜙IF(𝑡))

2 , (4.8)

and thus
𝐸Q(𝑡) = 𝐸Ref 𝜋∕2(𝑡)𝐸Meas(𝑡)

= 𝐴Ref(𝑡)𝐴PN(𝑡)𝐴Meas(𝑡)
4

×
(
sin(2𝜔IF𝑡 + 2𝜙IF(𝑡) + 𝜙PN(𝑡))

+ sin(−𝜙PN(𝑡))
)
.

(4.9)

The 2𝜔IF sinusoid and associated noise are filtered out by the anti-aliasing filters, and by
letting 𝐴IQ(𝑡) = 𝐴Ref(𝑡)𝐴Meas(𝑡), we are left with

𝐸I(𝑡) =
𝐴IQ(𝑡)𝐴PN(𝑡)

4 cos(−𝜙PN(𝑡)) and

𝐸Q(𝑡) =
𝐴IQ(𝑡)𝐴PN(𝑡)

4 sin(−𝜙PN(𝑡)) .
(4.10)

This leaves us with the demodulated amplitude containing

𝐴(𝑡) =
√
𝐸I(𝑡)

2 + 𝐸Q(𝑡)
2

=
𝐴IQ(𝑡)𝐴PN(𝑡)

4 ,
(4.11)

and phase
𝜙(𝑡) = tan−1(𝐸Q(𝑡)∕𝐸I(𝑡))

= tan−1 ( sin(−𝜙PN(𝑡))cos(−𝜙PN(𝑡))
)

= −𝜙PN(𝑡) .

(4.12)

Additionally, by delaying the reference arm by the same amount of time, the phase noise
is more closely correlated to the received signal when undergoing demodulation, re-
sulting in lower phase noise, increasing sensitivity at lower carrier offset frequencies.
For an offset frequency 𝑓 and round-trip time-delay 𝜏𝑑, the phase noise suppression is
10 log10(4 sin

2(𝜋𝑓𝜏𝑑)) [238], within the coherence time. For our uncompensated system,
we still expect reasonable phase noise suppression of −34.87 dB at a 1MHz offset fre-
quency and 𝜏𝑑 = 2.86 ns time-delay obtained from Fig. 4.1(d).

Since the region of interest corresponding to the semiconductor region is approximately
0.3 mmwide, as seen in the X-ray image of Fig. 4.4(a), wemount the diode on a scanning
stage and acquire a 2D complex 𝑆11 imagewith the VNAmode. In the interest of decreas-
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ing acquisition time to capture the entire frequency domain in onemeasurement for each
pixel, the IQ demodulator is unnecessary for such a raster image, as we are not interested
in observing the 2D images over time. Performing an inverse Fourier transform on the
complex 𝑆11 pixels, we obtain the time-domain signal where peaks correspond to the
strong reflection of terahertz waves from objects in the optical path. Figure 4.4(b) shows
the 2D response of this scan at the time delay corresponding to the diode. From this
information, wemove the focal spot to the centre of the diode, illuminating the PN junc-
tion region with the focused terahertz wave. The RF switches shown in Fig. 4.3(a) are
toggled to drive the IQ demodulator, as we now want to observe a single pixel over time
at a higher sampling rate. For 1001 terahertz carrier frequencies in the range of 220–
330 GHz, the bias voltage across the diode is stepped 50 points from 0–2 VDC each point
held for approximately 0.086 s, with 10,000 IQ samples acquired at 1 kS/s to capture the
entire duration. Filtered IQ signals from the demodulator are digitized using a Keysight
UXR0402AP in High-Resolution mode for effective 12-bit resolution. The bias voltage
steps are triggered at the beginning of the IQ acquisition on the oscilloscope. From this
measurement we extract the changing time-domain response over the bias voltage steps
by applying an inverse Fourier transform to the complex frequency domain data at each
voltage step, shown in Fig. 4.4(c). Due to the internal features of the diode being smaller
than the bandwidth limited depth resolution of 1.25mm[7] the diode layers are unresolv-
able. By observing the measured time-domain trace at the centre and rear of the diode
structure, marked by the two dashed lines in Fig. 4.4(c), we show in Fig. 4.4(d) that the
reflection corresponding to the junction increases with bias voltage, and that the reflec-
tion corresponding to the rear of the device decreases. These results support our model
shown in Fig. 4.1(d), which predicts the the front interface of the junction increasing in
reflectivity as the silicon becomes conductive, decreasing the power reflected from the
rear of the device. We note that this experiment is conducted over several hours and
is not real-time, and serves to show the material changes are observed in the junction
region of the diode.

4.3 High Frequency Operation

Having established that the change in carrier concentration inside a PN junction is de-
tectable with terahertz waves, a range of discrete semiconductor components with more
complex geometries, as listed in Table 4.1, are biased with megahertz frequency signals,
and probed at 275 GHz with the IQ demodulator configuration. Given that carrier con-
centration in semiconductor materials is dependent on temperature [239], it is possible
that the observed changes in reflectivity are purely the result of thermal excitation [240];
this experiment serves to refute that hypothesis and show the effect is specific to carrier
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concentration of the device. The modulation speed due to the thermo-optic effect in sil-
icon is typically limited to the order of kilohertz [241], [242], so a megahertz bias signal
is used to exclude thermal modulation. In addition, the thermal expansion properties of
silicon are low enough that we ignore their effect for the purpose of this work [243]. It
is expected that the increase and decrease of free carriers occurs within the component,
proportional to bias current. A change in carrier-dependent reflectivity modulates the
reflected terahertz power. This creates detectable side-bands, offset from the carrier by
the modulation frequency.

The discrete semiconductor components shown in Fig. 4.5(a) are fixed in place by a screw
terminal. Each device is connected in series with a 1 kΩ resistor and biased by a 1 VPP,
3.14 MHz sinusoidal AC signal, and 0.5 VDC. The bias is applied at the P-side of the junc-
tion in each device. The devices are mounted on a 2D translation stage, positioned at the
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Figure 4.4: Bias voltage ramping at low frequency showing the change in the reflected time-domain signal.
(a) X-ray image of the 1N4007 diode. (b) Terahertz time-domain raster image of the diode, obtained with
VNA configuration. Thewire leads are bent downwards formounting. The red cross indicates the location
of the focal spot for the measurement. (c) Time-domain trace of the central pixel corresponding to the PN
junction of the diode, obtained with the IQ configuration. The inset highlights the change in reflectivity
from the PN junction. The time, i.e., depth, axis is perpendicular to the plane of (a) and (b). (d) Voltage-
dependent amplitude of (c) at the time-domain points indicated by the dashed lines, corresponding to the
front and back of the PN junction.
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focal point of the objective lens, and raster scanned 10 × 10mm2 in 0.25 mm steps; each
scan takes approximately 30 minutes. Each pixel represents 1 million IQ samples, sam-
pled at 7.81 MS/s by a Tektronix DPO70604C real-time oscilloscope operating in High-
Resolution mode, with a Hanning window and Fourier transform applied; the IQ mag-
nitude at DC corresponds to the reflected terahertz carrier, while the strongest sideband
is at 3.14MHz. At a sampling rate of 7.81MS/s, the DPO achieves an effective resolution
of 13.82 bits, at a 3.4 MHz bandwidth due to digital boxcar filtering [244].

At the carrier frequency of 275 GHz, the components are identified in Fig. 4.5(b–e), with
some internal metallic structure visible. Observing the IQ spectrum with the bias fre-
quency offset relative to the carrier, we show in Fig. 4.5(f–i) that the junction regions are
modulating the terahertz carrier at 3.14MHz. To further illustrate the result of this exper-
iment, Fig. 4.5(j–m) shows the IQ spectrum of the most intense pixel from Fig. 4.5(f–i),
along with a background pixel which serves as a reference to calculate the noise floor.
We note that the noise floor is low due to the homodyne demodulation scheme and con-
sequent phase noise suppression.

The SNR of each device is shown in Table 4.1. A higher SNR is measured for the two
transistor devices, which we attribute to the epitaxial structure facing the incident beam,
resulting in a greater area for the terahertz waves to interact. The comparatively low SNR
of the two diode devices may be attributable to the metallic bonding structures, visible
in Fig. 4.4(a), with the vertical orientation of the electrical contact pads shown in the
X-ray image likely limiting the propagation of the vertically polarized terahertz wave.
These results show that the observed low-frequency modulation is not thermo-optic, as
the modulation speed exceeds kilohertz range, and is the result of carrier injection and
depletion within the device junctions. We expect this non-destructive testing method
to be beneficial for component manufacturers looking to assess the operational perfor-
mance during the manufacturing process, as well as serving as a troubleshooting and
diagnostic tool for live RF circuits.

Table 4.1: Discrete semiconductor components under test. Forward voltage values measured with a mul-
timeter.

Model Description Forward Voltage SNR

1N4007 General rectifier diode 0.569 V 17.82 dB
1N4148 Signal switching diode 0.583 V 16.80 dB
2N5485 N-Channel JFET 0.763 V 38.81 dB
BC548B NPN Transistor 0.734 V 40.69 dB
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4.4 Discussion

4.4.1 Model Assumptions and Validity

High system sensitivity is needed to overcome the high expected losses from scattering
and diffraction from the metal within the semiconductor components. These effects are
considered and full-wave simulations in CST Microwave Studio (CST) performed to un-
derstand the impact on the experiment, however, the results of these simulations are
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Figure 4.5: Localization of PN junctions in semiconductor components. (a) Photograph of 1N4007,
1N4148, 2N5485, and BC548B (left to right). The legs of the two rightmost devices are twisted for cor-
rect polarity. (b–e) Frequency domain raster-scans at 275 GHz. (f–i) Frequency domain raster-scans at
3.14MHz offset frequency from the 275 GHz carrier. (j–m) Spectra of the four components, corresponding
to the marked positions in the raster-scans. The pixels marked in red are the highest power pixels in the
3.14 MHz images, corresponding to the semiconductor region responsible for the sideband modulation,
and those marked in blue are reference pixels. The black dashed lines indicates the mean of the spectra at
the reference pixel and serve as the noise floor for SNR calculations [245]. The peak power spots in (b–e)
differ from those marked in (f–i) due to the stronger reflection at the carrier frequency, which reveals in-
ternal metallic structures.
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inconclusive, and it was decided to omit this portion of the work from the article. Fur-
ther study could be done on modelling these contacts as small parallel-plate waveguides
coupled via free-space terahertz beams, but the desire to investigate relatively large com-
ponents such as discrete rectifier diodes in this manner is dwarfed by the small andmore
dense semiconductor circuits with many more sites for carrier interactions, where this
analysis approach would be less relevant.

Regarding the validity of the 1D time-domain reflection model, it is expressed in the ar-
ticle that the model does not intend to fully capture the scattering effects of the physical
geometry but is instead used to explain the changes in semiconductor materials in isola-
tion. A deeper explanation and discussion on how these effects affect the model would
be of interest but is beyond the scope of the work. Future work could incorporate scat-
tering and diffraction effects into a more complex model but would require significantly
more time and resources.

4.4.2 Experimental Considerations

The low-frequency bias ramping experiment takes several hours to obtain full spectrum
measurements of the devices and thus capture the time domain response. For a more
practical implementation, the time domain results could be substituted by a CW ap-
proach, only measuring the reflection coefficient at a single frequency. This would sig-
nificantly reduce acquisition time, while also reducing the impact of component thermal
drift. It is worth noting that the experimental setup is left for several hours to come to
equilibrium, according to the manufacturer’s specifications. The laboratory is also cli-
mate controlled, reducing significant changes in temperature. Phase-stable cables are
used between the VNA and the frequency extenders, where the operating frequency is
significantly higher. The use of phase stable cables on the IF stage of the setup would be
recommended moving forward, but the impact should be reasonably low given the low
frequency of IF components and thus long wavelength relative to thermal changes.

4.4.3 Polarization Dependence of Packaged Diodes

The SNR of the high-frequency diode results may have been hampered by the metallic
contacts forming a polarization-sensitive scattering structure. Future work should in-
vestigate the outcome of rotating the diode 90° and comparing the response; this exper-
iment was omitted from the article due to time constraints and an already high amount
of data. It would be worthwhile revisiting this concept with the same system, to improve
experimentalmethodology and potentially gain a deeper understanding of how these de-
vices interact with terahertz radiation. Further analysis of the scattering characteristics
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of these structures would be beneficial, in addition to the work done on the semiconduc-
tor modelling and design of the data acquisition.

4.5 Conclusion

The properties of offline semiconductor materials and components have been well-
studied by terahertz spectroscopy systems over the past few decades, but yet this has not
been extended to active devices. From this basis we established our study into probing
active devices and observe their behaviour in real-time. By combiningDrude and Fresnel
models, we show the expected changes in reflection from a packaged PN junction over
a range of forward-bias voltages. The model is confirmed experimentally, using a com-
mon rectifier diode and a low-terahertz VNA system, to show an increase in reflection as
carriers are injected into the junction and the semiconducting material becomes more
conductive. This effect is also observed by injecting an AC bias signal into the semicon-
ductor device and observing a weak sideband, modulated onto the terahertz carrier. The
presence of the modulated sideband dispels our hypothesis that the observed effect may
be thermal in nature as the experiment is performed at megahertz frequency bias, too
fast for any thermo-optic effects. The localization of this modulation is shown in both
the low- and high-frequency experiments, demonstrating that the observed signals are
localized to carrier-dynamic regions of devices and are not due to signal leakage. We
anticipate that this work is foundational for future non-destructive testing tools for the
semiconductor industry and non-invasive probing for security applications.
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The End
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Chapter 5

Conclusion and Outlook

5.1 Thesis Conclusion

In summary, emerging terahertz technologies are versatile, with strong motivations pre-
sented for ranging, NDT, and communications applications. It is worth noting that al-
though the coverage of photonics and optics research in this thesis is brief relative to
electronics, it does not diminish the level of importance that such contributions have
towards the advancement of terahertz science. Photonic devices have a key role to play
in the development of compact spectroscopy systems, as well as ultra-stable metrology
equipment. Existing fibreoptic communications systemsmay benefit from short wireless
jumps, enabled by terahertz technologies in the years to come. 3D-printed quasi-optical
components are a catalyst, accelerating research activities in laboratory environments
by permitting the rapid iterative prototyping of systems in-house, evident in the effec-
tiveness of the Risley-prism scanner, dark-field imaging system, and the optical train for
probing semiconductors. The Risley-prism scanner emphasises the low-cost aspect of
3D-printing, forming an affordable yet capable imaging system, neglecting the attached
vector network analyzer. The dark-field imaging system highlights the versatility offered
by 3D-printing, allowing for lens components with complex geometries that would be
difficult and time consuming to produce with conventional techniques. The work on
semiconductor probing shows how 3D-printed lenses can be used in a laboratory setting,
but it better showcases an emerging and unique application for the terahertz region, en-
abled by the recent development of sources and detectors. In the future, it is hoped that
development of cheap on-chip transceivers will enable systems like these three to be im-
plemented for portable and affordable applications. All of this would be difficult if not
impossible without COC, which serves as the cornerstone of the work contained within
this thesis.
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5.2 Future Work

While the original contributions in this thesis have shown that 3D-printed quasi-optics
are suitable for integration into functional systems, there remain significant challenges.
Future work should take advantage of controllable infill parameters to add more sub-
stance to quasi-optical components, moving them beyond what could be possible with
conventional manufacturing, as was mentioned briefly at the end of Chapter 1. I had
spent some time in the early stages of my candidature working on 3D-printed anti-
reflective coatings to mitigate the reflection losses inherent to the COC lenses, but
abandoned the work due to delays and stalling progress. This is an area that I still think
shows great promise, perhaps better suited for new 3D-printing technologies that may
come in the next several years.

There is also much more to be done with the sensing of active semiconductor compo-
nents. My work was limited to relatively large devices, and I expect with more research
that eventually some promising results may come from targeting processors and other
integrated circuits with much smaller internal circuitry. This development will likely
be enabled by high power source advancement, improved optical trains or probing net-
works, as well as minor improvements in detection schemes.

5.3 Outlook

To conclude the four years of my PhD candidature, my outlook for the future of terahertz
research is grim optimism for the progression of the field. I have remained hopeful yet
sceptical over the practical implementation of terahertz technology, which I think is ap-
propriate given the many areas are still mostly in the stage of fundamental research and
only beginning to venture into commercialisation. There are many challenges to over-
come, but I expect within the next ten years that backhaul communication links will
become common amongst terrestrial and extraterrestrial network providers, and poten-
tially short-range radar systems taken up by autonomous driving or armed conflict. I
expect 3D-printed quasi-optics have some role to play in future research and develop-
ment, paving the way for mass scale COC components.
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A

ABS acrylonitrile butadiene styrene 20
ASOPS asynchronous optical sampling 16

C

CMOS complementary metal-oxide-semiconductor 17
COC Cyclic Olefin Copolymer 18, 20–22, 25, 29–31, 33, 40, 43, 45, 46, 51, 52, 74, 87, 88
CST CST Microwave Studio 82
CW continuous-wave 14, 15, 17, 83

E

ECOPS electronically controlled optical sampling 16

F

FDM fused deposition modelling 19, 45
FMCW frequency-modulated continuous-wave 9, 10, 15
FWHM full width at half maximum 54, 55

I

IF intermediate frequency 75, 83
IFFT inverse fast Fourier transform 39, 55
IQ in-phase and quadrature 75–77, 79, 81

L

LiDAR light detection and ranging 8, 10
LO local oscillator 74–77
LTEM laser emission terahertz microscopy 70
LWA leaky-wave antenna 17

M
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MTFmodulation transfer function 40, 45, 55, 57

N

NDT non-destructive testing 4, 7, 8, 14, 28, 45, 50, 61, 87

O

OPTP optical-pump terahertz-probe 70

P

PCA photoconductive antenna 15, 16
PLA polylactic acid 20, 44, 54

R

radar radio detection and ranging 8–10, 88
RF radio-frequency 17, 20, 74–77, 79, 81

S

SBD Schottky barrier diode 12–14
SNR signal to noise ratio 29, 81, 83
SNR vector network analyzer extender 74–76

T

TDS time-domain spectroscopy 5, 8, 64, 70
ToF time of flight 8, 10

U

UTC-PD uni-traveling-carrier photodiode 14

V

VNA vector network analyser 29, 30, 36, 46, 70, 73, 74, 76, 78, 83, 84
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