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Abstract 

Terahertz radiation has long been highly anticipated for a wide range of advanced imaging 

applications due to a range of special inherent properties. Spectral fingerprints of many 

molecules within the terahertz spectrum offer prospects for spectroscopic imaging, while the 

low energetic impact and biocompatibility of terahertz photons raise prospects for 

biomedical and security imaging. Furthermore, the high achievable resolution in the sub-

millimetre range together with high transparency for common packaging materials are 

opening applications in non-destructive testing and (agri-food) production control. However, 

common obstacles for all these applications are found in the limited signal strength of 

terahertz sources, the high (thermal) noise levels of (uncooled) detectors, and the lossy 

optical components in-between. Terahertz setups are thus typically somewhat limited in their 

complexity and imaging capabilities as a result of this low signal-to-noise ratio (SNR). 

This thesis aims to alleviate the SNR constraints of terahertz setups by developing 

metasurface optics that provides polarimetric imaging capabilities in an ultra-compact, 

efficient and easy to integrate format. The state of polarisation is expected to be particularly 

suited as a contrast channel since it is robust to both low-light-level conditions and common 

sources of noise, such as unpolarised background radiation, white noise, and thermally-

induced noise. Furthermore, the state of polarisation can provide important additional 

information on the images sample and its microstructure. To demonstrate this concept within 

two prototype setups, four major research objectives were addressed in this thesis: 

First, a methodology to design all-dielectric metasurface optics from individual anisotropic 

meta-pillars to their collective response based on simulations was developed and 

successfully tested. Such metasurface optics showed unparalleled capabilities in 

manipulating both the transmitted phase and polarisation front into well-defined shapes that 

can be tailored to their intended application. 

In a second step, a method for the monolithic fabrication of the metasurface designs into 

low-cost silicon substrates was developed based on a single photolithography step that 

included an optimised Bosch etch. The presented fabrication technique raises the prospect 

of mass-production and included the reliable quantification of fabrication tolerances to 

achieve process control over the dry etch, as well as the well-founded estimation of 

associated optical performance deviations.
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The third research objective aimed to demonstrate beam forming metasurface optics that 

created a non-diffracting Bessel beam with a polarisation profile that varied in all three 

spatial dimensions in a well-defined manner. The utility of such 3D-polarised probe beams 

to measure a sample’s refractive index or polarisation-dependent behaviour was explored in 

theory and confirmed with both simulations and laser experiments. Polarimetric imaging 

experiments employing the metasurface to illuminate a resolution target and composite 

sample showed a remarkable resolution of ≤1.5 𝜆0 and the ability to identify electrically 

conductive carbon fibres (measured diameter: 5.1 µm ± 1.4 µm) based on their polarisation 

signature, respectively. 

Finally, a beam analysing metasurface was developed to precisely determine the incident 

state-of-polarisation within a single image. A sophisticated measurement methodology 

including an initial calibration ensured a robust, reliable and accurate operation with an 

averaged measurement accuracy of 92.1 % ± 4.2 % for the incident state of polarisation 

obtained from 64 measurements. 

This thesis thus demonstrates the benefits offered by metasurface optics to create compact 

optical setups with advanced capabilities for sensing and imaging applications in NDT, as 

well as the validity of the strategy to utilise the state of polarisation as a contrast channel that 

remains robust to low-light conditions and the low SNR often encountered at terahertz 

frequencies. Beyond the presented results, much potential remains to extend the capabilities 

of both the presented metasurface optics and the optical setups. 
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Chapter 1 : Introduction to the Research Project 

1.1 Overview and Background 

The terahertz spectrum, loosely defined within the wavelength range from 10 µm to 3 mm 

(or 30 THz to 0.1 THz, respectively) [4], represents one of the last portions of 

electromagnetic radiation that still remains technologically challenging to exploit. Terahertz 

radiation is hence often disregarded for industrial applications despite the immense potential 

behind its unique properties. Nonetheless, the scientific quest to “fill the terahertz gap” has 

only intensified in recent years as technological advances within the adjacent microwave 

and infrared regions were optimised to extend ever deeper into the terahertz realm, 

spearheaded by hybrid approaches [5] that aim to work around intrinsic obstacles rather than 

attempting to diminish them. 

In particular, the advent of metasurface optics – artificial 2D assemblies of sub-wavelength 

structures that are meticulously optimised towards their target optical function – was quickly 

adopted in terahertz research to overcome the limited product range and quality of 

commercially available terahertz optics, while extending equipment capabilities with 

completely new and exotic effects, such as negative refraction, magnetic resonances and 

tuneable transmission. 

However, latest developments towards anisotropic and dielectric metasurfaces that allow for 

the versatile manipulation of the state of polarisation (SoP) with high efficiency, respectively 

have been thus far challenging to scale towards the terahertz spectrum due to challenges in 

their fabrication. Consequently, metasurfaces made up of split-ring resonators (SRR) that 

utilise plasmonic effects of lossy metallic layers remained the predominant subject of 

investigation at terahertz frequencies until recently. 

This work aims to overcome the beforementioned shortcomings by developing an adaptable, 

all-dielectric metasurface platform that enables the design of complex polarising optics in a 

highly integrated and efficient format. The metasurface optics is optimised to demonstrate 

viable applications in non-destructive testing (NDT), sensing and polarimetric imaging by 

exploiting the SoP as a versatile information channel. The SoP was studied in depth since it 

was found to be particularly robust to unpolarised sources of noise, such as thermal heating 

and background radiation, which typically limit terahertz equipment’s operation due to a low 

signal-to noise ratio (SNR). 

This chapter will provide an introduction to this thesis by first discussing the current state of 

technology in terms of applications within the terahertz spectrum, outline the strategy and 
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objectives identified to advance the capabilities for terahertz imaging and discuss the wider 

significance for the field, as well as the limitations of the approach adopted in this research. 

 

1.2 Technological Prospects and Challenges of the Terahertz Spectrum 

Terahertz imaging [6, 7] is a major opportunity for applications such as security [8-11] or 

bio-medical imaging [12-14], astronomy [15-17] and NDT [18-22]. Spectroscopy is also 

well advanced [23-25], offering the potential for spectroscopic imaging [14, 17, 18, 26], 

albeit mostly in slow point-by-point scanning setups. Terahertz radiation is non-ionising, 

hence suitable for human body imaging [9, 13], delivers sub-millimetre resolution [18-22] 

and offers plentiful molecular absorption bands [23-26]. Furthermore, many industrial 

materials including polymers [19, 20], cardboard [10, 11] and textiles [8, 9] are relatively 

transparent so that obscured objects can be safely imaged. 

Whilst many advances have been made in developing suitable technologies to operate in the 

terahertz band, there is still considerable scope for improvement [4, 5]. Notably, the lack of 

compact high-power sources and sensitive detectors remain limiting factors for many 

applications [7]. One reason for this is the low energy of terahertz photons in the range of 

0.4 meV - 124 meV, that is comparable to the thermal energy at room temperature (𝑘𝑏𝑇 ≈

25 meV). Consequently, high thermal noise and charge carrier generation leads to severe 

performance degradation, especially for semiconductor-based devices [5, 27]. Suitable 

cooling technologies are expensive and bulky thus bolometric detection is widely used for 

large pixel-arrays at room temperature, despite the high noise floor [6]. The performance of 

terahertz imaging systems is further compromised by losses arising from unwanted 

reflections [28, 29],  atmospheric and material absorption [17, 29] and misalignment between 

individual optical components. Instruments that are designed to be compact are prone to the 

formation of standing waves between constituent components that further deteriorate the 

performance as a result of unwanted interference [28]. As a consequence of low power 

sources, lossy optics and low sensitivity detectors, terahertz systems typically suffer from a 

low signal-to-noise ratio (SNR) [12] that severely limits the complexity of imaging systems. 

Consequently, new avenues to improve the performance of optical components while 

limiting system complexity are needed, ideally complemented by strategies that bypass low 

intensity levels by employing alternate mechanisms to generate image contrast. 
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1.3 Metasurface-based Polarimetry for Terahertz Imaging 

One promising strategy to overcome the noise limitation of terahertz systems by decreasing 

optical losses is to develop efficient and highly integrated optical components that achieve 

compact systems with advanced function despite the underlying limitations of the source 

and detector [5, 7]. Metasurface-based optics is such a solution that can compress the 

function of several traditional components into a single layer [30-32], eliminating the 

problems associated with reflections, unwanted diffraction and interference occurring 

between such components. Rigorous optimisation by simulation and precise fabrication 

using lithography typically result in high transmission (≥80 %), even for complex optical 

functions [30-33]. Reducing the number of lossy components and simplifying the 

construction of imaging systems leads to improved overall SNR, thereby unlocking the 

potential for advanced imaging techniques that would otherwise remain unfeasible. 

Polarimetric imaging is such an advanced imaging technique that can provide important 

sample information beyond intensity-based images, which constitutes a valuable extension 

in particular for NDT application. Especially beneficial in the terahertz regime is that non-

polarised sources of radiation, such as thermal noise and background radiation, can be 

filtered out when analysing for the polarimetric contrast of images and sceneries, resulting 

in a certain degree of robustness of polarimetric information to the mentioned sources of 

noise. Even though the state of polarisation (SoP) is a well-known property of light that can 

carry information on a wide range of observable effects, its generation and measurement 

remain complex and often require multiple moving components. Consequently, reports on 

polarimetric terahertz imaging are scarce and mostly limited to incomplete observations of 

only two orthogonal linear polarisations [34-38]. However, many material classes that 

particularly rely on NDT characterisation, such as composite materials or materials with 

micro-crystalline domains or inclusions, would greatly benefit from a more substantial and 

complete polarimetric characterisation with both high resolution and acquisition speed. 

Fortunately, dielectric metasurfaces with anisotropic elemental structures have been proven 

an exceptionally compact, efficient and versatile platform to manipulate the SoP into 

complex shapes, which can be exploited in beam forming and beam analysing optics for 

application in polarimetry. As a consequence, anisotropic metasurface optics is uniquely 

suited to simultaneously overcome both the signal-to-noise limitations frequently 

encountered in complex terahertz systems as well as the complexity problems associated 
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with polarimetric imaging, thereby paving the way towards applications exploiting 

polarimetric terahertz imaging. Figure 1.1 aims to illustrate these complementary benefits of 

combining terahertz imaging with metasurface optics and polarimetric NDT capabilities. 

 

 

Figure 1.1: Schematic outlining the benefits of combining terahertz imaging with 

metasurface optics and polarimetric capabilities. These three scientific disciplines 

complement each other’s technological capabilities in a mutually beneficial manner that 

paves the way towards applications in NDT and quality assurance imaging. 

 

1.4 Research Objectives of this Thesis 

This PhD position was part of the “Doctoral Training Network in Terahertz Technologies 

for Imaging, Radar and Communication Applications” (TeraApps), an innovative training 

network of the European Union’s Marie-Skłodowska-Curie Action that aimed to advance 

terahertz technologies on a broad scale within 15 individual PhD scholarships.  

Within this frame, this specific work aimed to explore novel systems for terahertz imaging 

to demonstrate industrially feasible applications, as stated in “work package 5 – terahertz 

demonstrator systems” of the underlying TeraApps funding agreement. To achieve this, 

several research objectives were outlined as listed below in Table 1.1. 
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Table 1.1: List of research objectives including the reference to their reported Section. 

Research Objective Reported in 

Identification of potential gaps in research on terahertz imaging and 

formulation of research goals 
Chapter 1 

Review of literature on terahertz imaging, metasurface optics, structured light 

with Bessel beams and polarimetry 
Chapter 2 

FDTD simulations to optimise the design of elemental meta-pillar Section 3.2 

Algorithm to arrange individual meta-pillars into metasurface with desired 

optical function 
Section 3.3 

Setting up simulations to gauge the collective response of the designed 

metasurfaces 
Section 3.4 

Identification and optimisation of a cheap fabrication sequence Section 4.1 and 4.2 

Design and fabrication of Cr-photomask with metasurface designs Sections 3.3, 5.2 and 6.2 

Metrology to assess the physical tolerances of fabricated metasurfaces Sections 4.3 and 4.4 

Model to gauge impact of fabrication tolerances on optical performance Sections 4.3 and 4.4 

Novel concepts and setup design for polarimetric sensing and imaging 

applications using metasurface optics 

Chapter 3, Chapter 5 

and Chapter 6 

Collective simulations and analytical model development to describe beam 

forming Bessel metasurface 
Section 5.2 

Design and construction of polarimetric imaging setup employing the beam 

forming Bessel metasurface 
Section 5.3 

Experimental data acquisition and analysis algorithms for the beam forming 

Bessel metasurface applied for polarimetric terahertz imaging and sensing 
Section 5.3 

Interpretation of obtained results, discussion and outline of future work Section 5.4 and 5.5 

Publication of the work involving the Bessel metasurface in high-impact peer-

reviewed scientific journal (TBA) 

Section Peer-reviewed 

Publications 

Collective simulations of the beam analysing polarimeter metasurface Section 6.2 

Design and construction of test setup to gauge the operation of the beam 

analysing polarimeter metasurface 
Section 6.3 

Experimental data acquisition and development of automated analysis 

algorithms, incl. setup calibration 
Section 6.4 

Interpretation of results, discussion and outline of avenues for future work Section 6.4 and 6.5 

Publication of the work involving the polarimeter metasurface in a renowned 

peer-reviewed scientific journal (Optics Letters) 

Section Peer-reviewed 

Publications 
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1.5 Thesis Outline 

Chapter 1 aimed to give a brief introduction to the technological challenges hampering 

practical applications within the terahertz spectrum and motivate the need for tailored optics 

that add advanced imaging functionalities while simplifying the setup. The objectives of this 

thesis were defined with a clear research strategy to advance terahertz capabilities towards 

application in NDT and polarimetric imaging. 

Chapter 2 provides a theoretical background on the four core topics fundamental to this 

research project, including respective reviews on previously reported work. These core 

topics are applications and technologies within the terahertz spectrum, the polarisation of 

light and polarimetry, structured light based on Bessel-type beams, and the advent of 

metasurfaces as ultra-compact and efficient functional optics. 

Chapter 3 will present the fundamental design, optimisation simulations and algorithmic 

assembly of the developed anisotropic metasurface platform from elemental structures to 

their intended collective operation. 

Chapter 4 describes the fabrication technique that was developed to produce the designed 

metasurfaces. Special focus is put on a single-step monolithic fabrication into cheap and 

widely available silicon substrates, including the quantification of fabrication tolerances and 

the modelling of resulting performance deviations. 

Chapter 5 presents the first type of metasurface optimised to generate a Bessel-type beam 

with controlled longitudinal polarisation. This metasurface was integrated as beam forming 

optics into a polarimetric microscope to demonstrate applications in NDT, polarimetric 

imaging and material characterisation within the terahertz spectrum. 

Chapter 6 presents the second type of metasurface that was optimised to integrate the entire 

functionality of a beam analysing division-of-aperture polarimeter (DoAP) into a single 

optical layer with high efficiency and prospects for a broad operational bandwidth. 

Experimental tests certified accurate, reproducible and robust SoP measurements from a 

single image based on automated calibration and analysis algorithms. 

Chapter 7 concludes this thesis by summarising key findings and discussing them in terms 

of novelty, performance and significance compared to previous work. Limitations of designs 

and experiments are discussed to outline promising avenues for future work. The chapter 

finishes with concluding remarks on the encompassing TeraApps project, the impact of the 

COVID-19 pandemic and a brief account to the author’s efforts towards the award of a PhD. 
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Chapter 2 : Theoretical Background and Literature Review 

2.1 Introduction 

This chapter aims to provide a brief introduction to the fundamental physics and principles 

necessary to understand and interpret the scientific results that will be presented in the 

subsequent chapters of this dissertation. Furthermore, brief reviews on the scientific 

literature will be presented for the four core topics of this thesis to underline the current 

capabilities, challenges, research gaps and strategies to advance each respective field. These 

four core topics underlying the presented thesis are discussed in respective sections.  

Section 2.2 presents the terahertz spectrum with its unique properties and infers its prospects 

and challenges for imaging applications. The current state of available optical components 

and setups is discussed with their commonly encountered limiting factors and deficiencies, 

after which a literature review on diverse imaging applications at terahertz frequencies will 

highlight strategies to overcome or bypass these challenges.  

Section 2.3 introduces the theory behind the state of polarisation and its unique interactions 

with matter. An application-oriented review on polarimetry and polarimetric imaging will 

discuss how different polarisations can be used to measure important polarisation-dependent 

properties of a sample. 

Section 2.4 discusses how the field of metasurface optics developed in recent years, 

highlighting general scientific and technological breakthroughs. Special focus is put on 

anisotropic metasurfaces that can manipulate the state of polarisation with excellent 

precision and design versatility. An in-depth review on metasurface optics developed to 

operate within the terahertz spectrum will highlight the importance of metasurfaces to 

advance the field of terahertz imaging while pointing out current shortcomings compared to 

other spectral regions. 

Finally, Section 2.5 discusses recent studies on structured light based on Bessel-like beams 

that can exhibit well-designed polarisation profiles in 3 dimensions and argues for their 

potential application as beam forming optics. 

The chapter will conclude in Section 2.6 with a summary of the presented topics that 

highlights how their combination offers cumulative benefits that help overcome individual 

limitations. 
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2.2 The Terahertz Spectrum and its Application to Imaging 

2.2.1 Special Properties of Terahertz Radiation 

Electromagnetic radiation with terahertz frequencies, 𝜈𝑇𝐻𝑧, in the range of ca. 0.1 THz to 

30 THz  [4] boasts a wide range of intriguing and promising properties which will be 

summarised in this section. 

Arguably the most defining property of terahertz radiation is the comparably low photon 

energy 𝐸𝑝ℎ(𝜈𝑇𝐻𝑧) of ca. 0.4 meV to 125 meV, which entails several consequences in practice 

that can be exploited in many applications. 

The thermal energy of cold matter with temperature 𝑇 of ca. 2.7 K to 400 K [39], which 

includes interstellar clouds [17, 40, 41] or the ambient conditions on earth, is within the 

range of terahertz photons, e.g. 𝐸𝑇(300 𝐾) ≈ 25 meV. Matter within this temperature range 

will therefore emit a significant amount of blackbody radiation with terahertz frequency 

according to Planck’s radiation law, with the peak wavelength 𝜆𝑝𝑒𝑎𝑘 = 𝑏/𝑇 given by Wien’s 

displacement law (𝑏 ≈ 2898 µ𝑚 ∙ 𝐾) [42]. A striking 98 % of all photons that have been 

emitted since the big bang are estimated to reside in the terahertz spectrum [43], underlining 

the omnipresence and significance of terahertz radiation. First endeavours to utilise 

terahertz1 radiation were thus focussed around astronomic imaging [17, 40, 41], with 

prominent examples including the Herschel Space Observatory [44] and the Event Horizon 

Telescope [45]. On the other hand, terrestrial applications involving terahertz radiation 

typically suffer from this very same blackbody emission around room-temperature as it often 

causes significant thermal noise within imaging setups or performance degradations within 

bandgap-based semiconductor devices, e.g. high noise equivalent power (NEP) [5, 27]. 

The energy of terahertz photons is furthermore overlapping with a rich set of intra-molecular, 

inter-molecular and electronic excitations i.e., rotational, (collective) vibrational or 

plasmonic modes, respectively [25, 46, 47]. Spectroscopy has thus developed into an 

established and mature application of terahertz radiation [48, 49] with diverse sub-categories 

in material characterisation [23, 25, 50, 51], chemical identification [52-55], remote sensing 

[56-58] and many more [59, 60]. The downside of absorption is that strong atmospheric 

absorption bands, particularly caused by oxygen and water vapour often restrict long-range 

 

 

1 Terahertz radiation is often also named far infrared (FIR) radiation, especially in astronomy. 
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applications to so-called atmospheric windows [56, 61]. Although a range of industrially 

important material classes are famously transparent - or at least translucent – to terahertz 

radiation [49], i.e. non-polar polymers [19, 20], cardboard [10, 11] and textiles [8, 9], there 

are nevertheless a lot of widely used materials with strong absorption bands [49], as will be 

discussed in detail in Section 2.2.2. All this typically results in comparably strong attenuation 

of terahertz signals under ambient conditions in addition to the high noise floor caused by 

thermal terahertz radiation. As a result, almost all terrestrial terahertz applications rely on 

active illumination of the sample with a source of terahertz radiation. 

Another beneficial consequence of the low energy of terahertz photons is their non-ionising, 

low-impact interaction with sensitive biological samples, rendering terahertz radiation a less 

harmful alternative to X-rays or UV light. Diverse applications in bio-chemical spectroscopy 

and bio-medical imaging have been pursued, e.g. studies on the recognition and 

characterisation of macro-molecules such as proteins and deoxyribonucleic acid (DNA) [59, 

60] or cancerous tissue [62, 63]. Furthermore, agricultural applications are under 

investigation e.g., monitoring water content in leaves [26, 64]. However, the penetration 

depth of terahertz radiation is limited to a few mm at most in these applications due to 

extremely strong attenuation in organic matter i.e., due to water absorption [65, 66]. 

Last but not least, the short wavelength of terahertz radiation allows for a high imaging 

resolution (≈ 𝜆/2) within the industrially important sub-mm range [18-22]. In combination 

with the aforementioned high degree of transparency for some industrially important 

material classes and the biocompatibility of terahertz radiation, several applications in NDT, 

quality assurance imaging and security imaging have emerged [8-11, 18-22]. Terahertz 

radiation therefore allows for a higher image resolution compared to the use of microwaves 

(𝜈𝑀𝑊 < 𝜈𝑇𝐻𝑧) with far less radiation damage compared to ionising X-rays (𝜈𝑋𝑅 > 𝜈𝑇𝐻𝑧) 

while still being a non-contact technique, as opposed to ultrasonic testing [22]. 

As this brief summary has pointed out, terahertz radiation combines a rich set of unique 

properties that have vast potential for a plethora of applications. Yet the very same properties 

often simultaneously cause difficulties in their practical exploitation and implementation. In 

the next Section 2.2.2, I will discuss the current state of the technological development of 

the terahertz spectrum in terms of optical devices, components and setups while pointing out 

commonly encountered limitations and obstacles. 
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2.2.2 Optical Technologies and Components Operating at Terahertz Frequencies 

Any optical setup used in the far-field configuration can in principle be divided into three 

fundamental parts [67]: 

1. The source of electromagnetic radiation, which defines the emitted wavefront in terms 

of intensity, wavelength incl. bandwidth, polarisation and other beam parameters such 

as divergence, beam shape, beam diameter etc. Even for passive imaging, a source is 

strictly needed e.g., the sun or intrinsic blackbody radiation. 

2. The detector that measures the incident intensity per time interval (frame rate) with a 

sensitivity that depends on the wavelength - and in some cases also on the SoP. Detectors 

typically integrate the intensity over a large active area, whereas cameras have a sensor 

that is subdivided into arrays of small pixels to obtain a 2-dimensional image from the 

locally differing incident light. 

3. Optical components in between the source and detector that provide beam forming and 

shaping functionality such as collimation, focussing or splitting of the intensity profile, 

or a modulation of the light’s properties such as wavelength (e.g., bandpass filter, 

chromatic dispersion) and polarisation (e.g., wave retarder, polarisers). As such, optical 

components ultimately aim to overcome the limitations of source and detector 

technologies and extend the capabilities and functionalities of the optical setup. 

This section aims to provide a brief, practice-oriented overview on the state-of-the-art of 

these three optical technologies within the terahertz spectrum, and justify the choices made 

within this work. For a complete and elaborate discussion of all available source and 

detection technologies operating within the terahertz spectrum, the author refers to these 

excellent review articles  [4-7, 65], whereas optical components and materials typically used 

within the terahertz spectrum are summarised in [68-71]. 

In general, high-power generation and sensitive detection of terahertz radiation remain 

limiting factors for many applications [7]. Both terahertz source and detection technologies 

can be roughly divided into a photonic approach and an electronic approach [5, 61], which 

seek to extend the technological capabilities of existing optical and microwave technologies, 

respectively, ever deeper into the terahertz spectrum. Accordingly, photonic terahertz 

technologies tend to work favourably at the higher frequency end of the terahertz spectrum 

above 1 THz, whereas electronic technologies typically operate best at lower frequencies in 

the range of 0.1-1 THz [5]. 
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Figure 2.1 summarises the most prominent terahertz source technologies as a function of 

operational frequency and (averaged) output power. It is apparent that virtually all source 

technologies retain a low (averaged) output power in the sub-W to nW range throughout 

most of the terahertz spectrum i.e., between ca. 0.3 THz and 3 THz. Despite steady progress 

made in recent years, most notably for quantum-cascade laser (QCL) [27, 72-78] and 

resonant tunnelling diodes (RTD) [7, 79], the general problem of limited available source 

power at terahertz frequencies is unlikely to fundamentally change in the near future [4]. 

 

 

Figure 2.1: Summary of the performance of diverse terahertz source technologies in terms 

of operational frequency and (averaged) output power.  Adapted from [80] and [81]. 
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Aside from output power, there are many other important source metrics to consider when 

selecting the best suited terahertz source for a specific application. These considerations 

include, but are not limited to, the setup’s costs, complexity (e.g., cooling), size, the output 

beam’s shape, polarisation, coherence length, or the emitted wavelength characteristics such 

as the bandwidth, phase noise and tunability. 

In this project, the terahertz source that was used was needed to allow reliable optical 

characterisation of the metasurface-based polarisation optics that were developed, as well as 

the subsequent demonstration of imaging and sensing applications. For this task, an ideal 

source should deliver a collimated beam of highly coherent and polarised radiation with low 

phase noise that evenly illuminates the active area of the metasurface i.e., large beam 

diameter of ~10 mm-30 mm. Furthermore, a monochromatic wavelength at the centre of the 

terahertz spectrum would simplify initial data analysis due to the absence of dispersive 

effects and demonstrate the ability of the new optics to advance imaging applications at the 

heart of the terahertz spectrum, respectively. Finally, a high output power would ensure that 

even complex setups, sub-optimal configurations or strongly scattering samples will still 

result in a sufficiently strong measurement signal. As with most research aiming towards a 

proof of principle, aspects such as costs, size or upscalability were of secondary importance. 

An optically pumped gas laser, also known as far infrared laser (FIRL), was hence chosen 

as ideal source for this work. 

Despite being an old technology that was first demonstration in 1964 [82], FIRL still 

represent an excellent solution when high output power above 100 mW and high frequency 

between 0.15 - 6 THz are paramount, although QCLs advanced to even surpassed these 

output powers in recent years, i.e. in pulsed mode operation [74]. Operation of a FIRL is 

possible in both pulsed (broadband) or continuous wave (monochromatic) mode. Other 

striking features are a long coherence length, stable phase front and low beam divergence. 

The clear downside of FIRL are their large size and power consumption, as well as limited 

emission wavelengths restricted to the emissive lines of the employed gas molecules i.e., 

methanol, ammonia, etc. However, recent efforts show promising results in overcoming 

these issues by increasing compactness, efficiency and tuneable bandwidth [83-86]. 

Terahertz detection technologies have matured considerably within the last decade, with an 

ever-expanding choice of commercial detectors and focal plane arrays targeting applications 

in terahertz imaging [87-89]. Although optimal performance at terahertz frequencies 

necessitates (cryogenic) cooling of the sensor to decrease the dark count and thermal noise, 
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most commercial products target (semi-)industrial applications with focus on optimising 

room temperature operation due to vastly reduced setup costs and complexity [6].  

Table 2.1 summarises the most developed room temperature detector and camera 

technologies. For a more elaborate review, the author refers to [7, 81, 90, 91]. 

 

Table 2.1: Established terahertz detectors and cameras operating at room temperature. 

Table adapted from [6].  

Detector Type Detection Principle 
NEP 

[pW/√𝑯𝒛] 

2D pixel array 

possible? 

Reported 

in 

Thermal 

Microbolometer 
Resistive change by thermal 

excitation 
∼10–100 Yes, commercial [92-94] 

Pyroelectric 

detector 

Polarisation change by thermal 

excitation of a pyroelectric crystal 
∼10–1000 Yes, commercial [95-97] 

Golay cell 
Pressure change by thermal 

excitation of an encapsulated gas 
∼100–1000 No [98] 

Optically triggered 

Photoconductive 

antenna (PCA) 

Ultrafast photoexcitation of charge 

carriers in a semiconductor gap 

1.81∙ 10−3 

- 0.1 [99],  

0.8 [100] 

Possible, but 

uncommon 
[101-107] 

Electro-optic 

sampling 

Birefringence-induced by THz 

pulse in nonlinear media 

~1 [108],  

1.5∙ 104 

[109] 

Possible, but 

uncommon 
[110-114] 

Air-based 

coherent detection 

THz field-induced second harmonic 

(TFISH) in plasma gas 

SNR: 95-

185 [115] 
No 

[116, 

117] 

Mixer 

Schottky-barrier 

diode 

High-frequency detection enabled 

by fast  

switching speeds in 

metal/semiconductor junction 

∼10–100 Yes 
[118, 

119] 

Plasmonic detector 

Field-effect 

transistor 

Plasmonic excitation of electronic 

charge densities in transistor 

channels 

∼10–100 Yes, commercial [120-122] 

 

A microbolometer-based camera was found to best match the application requirements. First 

of all, microbolometer exhibit a low NEP over a broad detection bandwidth that covers most 

of the terahertz spectrum [93], yet can be adapted to exclusively detect customised 

wavelength using a bandpass filter and/or an anti-reflective coating. Crucially, the pixel 
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design ensures a polarisation-independent detection sensitivity, which greatly simplifies 

polarimetric experiments. Furthermore, the sensor array covers a sufficiently large active 

area (13.44 mm x 10.08 mm) with a high resolution (384 x 288 pixel) and operation at video-

rate (25 fps). It shall be mentioned that a pyroelectric camera would also match these 

conditions in principle yet at a significantly higher price. 

To this day, commercially available optical components operating at terahertz frequencies 

are mostly confined to reflective or refractive optics. Setups that employ broadband sources, 

such as the terahertz time-domain spectrometers (THz-TDS), typically employ gold-coated 

parabolic mirrors to collimate and focus terahertz radiation with minimal dispersion, but 

such optics are quite bulky, challenging to align and limited to manipulations of the phase 

front, i.e. no controllable alteration of the SoP via birefringence or diattenuation [123, 124]. 

On the other hand, the quality and performance of refractive optics is currently limited by 

the optical characteristics of materials at terahertz frequencies [49, 71]. Most dielectric 

materials possess absorption bands within the terahertz spectrum that originate from many 

different effects i.e., plasmonic absorption of free electrons, phonon absorption of lattice 

modes, vibronic/rotational excitations in polar materials or disorder-induced absorption 

within amorphous materials [49]. Furthermore, significant scattering losses are encountered 

for porous materials or rough surfaces [49]. Consequently, only a few materials are deemed 

viable for refractive terahertz optics, most importantly polymethylpentene (TPX), (high-

density) polyethylene (HDPE), tsurupica (also known as picarin), polytetrafluoroethylene 

(PTFE), single-crystalline quartz and intrinsic silicon [125]. Polymer-based terahertz optics 

is comparably cheap with reasonably low dispersion, but such components are also subject 

to quality variations caused by locally varying density and impurities within the polymer, as 

well as subject to potential (thermal) deformation and scratching. On the other hand, 

crystalline materials such as quartz and high-resistivity silicon are expensive due to their 

intricate production from bulk crystals but offer superior and more uniform performance. 

Another consideration is the refractive index (RI) 𝑛𝑀 of the materials. The low RI of 

polymer-based optics (~ 1.5 RIU [125]) severely restricts the achievable numerical aperture 

𝑁𝐴 = 𝑛𝑀 sin 𝜃 and requires strongly curved lens surfaces, whereas the high RI of silicon (~ 

3.418 RIU [126]) results in high reflective losses of ≈45 % for untreated silicon-air 

interfaces, compared to 10-20 % for polymers-air interfaces [125]. In combination with 

coherent terahertz sources, such reflections often lead to detrimental standing wave effects 

both within and between constituent components, which further deteriorates the setup’s 
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performance as a result of unwanted interference [28]. Furthermore, diffractive effects 

become significant since the wavelength becomes comparable to the lens thickness, 

especially at low terahertz frequencies in low index materials. 

The overall consequence of low source power, detectors with high thermal noise and optics 

of mediocre quality is that terahertz imaging setups typically exhibit lower SNR compared 

to respective setups at other spectral ranges i.e., microwave, infrared or visible spectrum. 

One strategy to overcome this problem is to develop novel optical components tailored to 

simplify their surrounding setup and thereby achieve useful system function despite the 

underlying limitations of the sources and detectors [5, 7]. Such systems relying on novel 

components have the potential to deliver terahertz systems that meet the demands of robust, 

reproducible and reliable performance, which shall be explored within this thesis. 

 

2.2.3 Review on Terahertz Imaging 

Ever since the first image was recorded within the terahertz spectrum using a FIRL in 1976 

[127], there has been a great deal of work carried out to explore imaging capabilities that 

take advantage of the unique properties of terahertz radiation [5, 6, 65, 128, 129]. 

Arguably the most mature and widespread optical setup employing terahertz radiation is the 

THz-TDS that was pioneered by Hu et al. in 1995 [130]. It is therefore no surprise that a 

large portion of work demonstrating imaging applications within the terahertz spectrum has 

been conducted using THz-TDS as well [18, 49, 66, 131-141], driven in particular by its 

compelling capabilities beyond simple intensity-only contrast [6, 49, 142]. Most 

importantly, the pulsed nature of the terahertz signal enables the derivation of spectral 

information by applying the Fourier transform, thereby allowing for spectroscopic imaging  

[66, 131-135, 143, 144]. Thus far, targeted applications include the identification and 

quantification of molecular substances [17, 135, 141, 145], molar fractions in pharmaceutical 

tablets [144], the detection of illicit drugs and explosives [55, 132, 134] and the 

characterisation of electronically active materials and structures [23, 25, 51]. Furthermore, 

the time-resolved signal detection allows for the coherent measurement of phase 

information, which can be used to measure a material’s RI [48, 70, 136, 146], to obtain phase 

contrast images [136, 139, 141, 147-152] and ultimately for tomographic 3D imaging [18, 

136, 151-154]. The comparably weak signal power obtained with PCAs (see Figure 2.1) are 

somewhat offset by the coherent detection scheme that relies on a probe beam propagating 

within a delay line and lock-in amplification in order to achieve good SNR [142]. 
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However, imaging based on the THz-TDS setup also comes with several disadvantages and 

limitations. TDS-based imaging setups typically employ a single-pixel detector that requires 

slow lateral scanning of the sample (point-by-point image acquisition) [133], which vastly 

limits both the achievable frame-rate and imaged area. Recent demonstrations involving 

computational or compressive imaging techniques with single-pixel detectors might prove 

beneficial but require complex image acquisition and data analysis methodologies [137, 139, 

155]. In general, the coherent detection scheme dictates the use of a pair of complementary 

source and detector that are typically connected by a delay line (except for the asynchronous 

optical sampling technique [156, 157]), which renders the technique incompatible with most 

other source or detection technologies and thereby for long-range or large field of view 

(FOV) applications [158]. As such, THz-TDS is a stand-alone technology that usually does 

not combine favourably with other terahertz technologies or components. 

In contrast to this, a lot of highly anticipated terahertz applications require an approach based 

on exchangeable and individually optimised components within modular imaging setups. 

For instance, imaging of packaged goods or hidden objects requires video-rate operation 

with a large FOV that can only be achieved by a focal plane array with high resolution [151, 

159-161] e.g., using a micro-bolometer camera. Furthermore, passive or long-range imaging 

for astronomic  [15-17] or security applications  [147, 151, 160, 162-165] often requires 

sophisticated optical configurations based on transmissive elements that are optimised 

towards their function and image sensor, e.g. magnification, holographic interference, 

polarisation analysis, etc. On the other hand, through-the-wall imaging and NDT of buried 

defects are both examples that rely on strong illumination with a powerful source rather than 

spectral information. The technological advancements in terms of optical components and 

modular setups would also benefit several other optical applications closely related to 

imaging, most notably remote sensing and high-speed wireless data transmission at terahertz 

frequencies. None of these applications would be feasible using a THz-TDS setup. 

Interestingly, only few terahertz setups have been reported to explore the state of polarisation 

(SoP) as information channel [38]. Apart from THz-TDS setups that individually analyse 

two orthogonal linear SoPs [34-36], notable reports on polarimetric terahertz imaging were 

based on compact interferometric [166-168] or reflective [28] setup geometries and 

sophisticated custom-build ellipsometers [28, 169]. 
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Consequently, an approach to tailor highly integrated and specialised terahertz optics that 

can control the transmitted polarisation profile would open up a wide range of novel 

applications for terahertz imaging. 

 

2.3 Polarisation of Light and its Role in Imaging 

2.3.1 Theoretical Description of Polarisation 

Electromagnetic radiation can be regarded as transverse wave with the propagation direction 

and both the oscillating electric field vector and the oscillating magnetic field vector all 

perpendicular to each other, as described by Maxwell’s equations [170-172]. In this 

illustrative format, the wavelength 𝜆0 in vacuum constitutes the travelled distance upon one 

full oscillation period 𝜆0 = 𝑐0/𝜈, which will be reduced by the experienced RI  

𝑛 = 𝑐0/v𝑛 to 𝜆𝑛 = 𝜆0/𝑛 within an optically dense medium of propagation speed v𝑛 

compared to the speed of light in vacuum 𝑐0. 

 

 

Figure 2.2: Illustration of the spatio-temporal oscillation of the electric field vector �⃑� (𝑥, 𝑦) 

of electromagnetic radiation upon propagation along the z axis. (a) shows linearly polarised 

light, (b) circularly polarised light and (c) elliptically polarised light. Illustration adapted 

from [173]. 
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The macroscopic state of polarisation (SoP) of light describes therefore the time-averaged 

spatial oscillation of the electric field vector �⃑� (𝑥, 𝑦) relative to the wave’s propagation 

direction z, which is fully described by the E-field components in x- and y-direction, 𝐸0,𝑥 

and 𝐸0,𝑦, and the relative phase shift δ = (φy −φx) between them, as shown schematically 

in Figure 2.2 (a)-(c) for linearly polarised, circularly polarised and elliptically polarised light, 

respectively. The magnetic field vector B⃑⃑ (x, y) is traditionally omitted since it can be 

reconstructed from knowledge of the propagation direction and electric field vector due to 

their orthogonality relation [170-172].  

The SoP is consequently a fundamental property of light with extensive implications in the 

field of optics, yet often neglected in every-day life. The reason for this is that many common 

sources of light such as the sun, candles or even light-emitting diodes (LED) emit 

unpolarised light that consists of equal amounts of each SoP. Furthermore, most polarisation-

dependent material interactions remain hidden to the human eye that cannot distinguish 

different SoPs (with exception of Haidinger brushes [174, 175]), unlike bees [176] or the 

mantis shrimp [177]. Nevertheless, the SoP and its analysis in the field of polarimetry is of 

indispensable importance to describe, probe and measure a wide range of important 

phenomena and material characteristics, as will be discussed in Section 2.3.2. 

 

 

Figure 2.3: (a) A detailed schematic of the polarisation ellipse (blue) along which the 

electric field vector (red arrow) oscillates, highlighting important parameters, i.e. the 

characteristic angles, 𝛹 and 𝜒. (b) Illustration of the Poincare sphere spanned by azimuth 

angle 2𝛹 and latitude angle 2𝜒 including (c) small insets of the local PE (blue symbols). 

(b), (c) adapted from [178]. 
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The polarisation ellipse (PE) illustrated in Figure 2.3 (a) is sufficient to describe any possible 

SoP via its characteristic angles, namely the orientation angle, 𝛹 ∈ [−π/2 ;  π/2], of the 

PE’s major axis 𝑎 and the ellipticity angle, 𝜒 ∈ [−π/4;  π/4], spanning between minor axis 

𝑏 and the major axes 𝑎 of the PE, respectively. All SoPs and polarisation transformations 

can be illustrated on the Poincare sphere as locations and paths, respectively. As shown in 

Figure 2.3 (b), (c), the Poincare sphere is intuitively connected to the PE via its azimuth (2𝛹) 

and latitude (2𝜒) angles in a spherical coordinate system, which are simply twice the 

characteristic angles of the PE. The three cartesian coordinates constitute the normalised 

Stokes parameter 𝑆1-𝑆3 that will be introduced at the end of this Section, with S0 being the 

sphere’s radius that is typically normalised. This work employs the Poincare sphere to depict 

the simulated and measured SoPs in Chapter 5 and Chapter 6. 

Table 2.2 summarises the diverse descriptive notations that are introduced in this section for 

the six most prominent SoPs, often referred to as the degenerate SoPs.  

 

Table 2.2: The six degenerate states of polarisations with their different notations 

commonly used in the field of polarimetry.  

Linguistic Name 
Ket 

Notation 

Jones 

Vector 

Stokes Vector 

(Mueller calculus) 

Characteristic Angles of the 

Polarisation Ellipse (𝜳,𝝌) 

Horizontal Linear |H⟩ (
1
0
) (1 1 0 0)𝑇 (0, 0) 

Vertical Linear |V⟩ (
0
1
) (1 −1 0 0)𝑇 (π/2, 0) 

Diagonal Linear 

(+45°) 
|D⟩ 

1

√2
(
1
1
) (1 0 1 0)𝑇 (π/4, 0) 

Anti-diagonal Linear 

(-45°) 
|A⟩ 

1

√2
(
1
−1
) (1 0 −1 0)𝑇 (3π/4, 0) 

Right-handed Circular |R⟩ 
1

√2
(
1
𝑖
) (1 0 0 1)𝑇 (0, π/4) 

Left-handed Circular |L⟩ 
1

√2
(
1
−𝑖
) (1 0 0 −1)𝑇 (0, -π/4) 

 

The (normalised) Jones vector 𝑱  offers a simple description of the SoP and is fully defined 

according to Eq. (2.1) by the two transversal E-field amplitudes E0,x, E0,y oriented along the 

x- and y-axis, respectively, and the relative phase shift δ = (φy − φx) between them [179] 

shown in Figure 2.2, with 𝑖 being the imaginary unit and φx, φy being the absolute phase of 
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the x- and y-polarised light components, respectively. The wave vector 𝑘 = 2𝜋/𝜆 and 

angular frequency 𝜔 = 2𝜋 ∙ 𝜈 are hereby constant, which is why their exponential term is 

commonly omitted. 

Optical components that alter the SoP are expressed as 2×2 Jones matrices, commonly 

denoted with 𝐴, that are multiplied with the incident Jones vector, e.g. 𝐽 𝐷 for incident 

diagonally polarised light, to result in the Jones vector of the altered SoP behind the optics, 

denoted as 𝐽 𝑜𝑢𝑡, as exemplified in Eq. (2.2). 

In this specific case, the reader can verify with Table 2.2 that incident diagonally polarised 

light 𝐽 𝐷 was transformed by a horizontally oriented linear retarder 𝐴𝐻𝑊𝑃 = [
𝟏 𝟎
𝟎 −𝟏

] with 

retardance 𝛥 = 𝜋, commonly referred to as “half-wave plate (HWP)”, into its orthogonal 

anti-diagonal state 𝐽 𝐴. 

To obtain a more general description of a linear half-wave retarder 𝐴𝐻𝑊𝑃(𝜃) at a random 

transverse rotation angle 𝜃 with respect to the horizontal plane upon normal incidence, one 

can employ the rotation matrix 𝑅(𝜃) of Eq. (2.3) to obtain the expression of Eq. (2.4). 

 Using the expression of Eq. (2.4) for an arbitrarily oriented half-wave plate, one can predict 

the general impact of this optical element on incident circularly polarised light in Eq. (2.5) 

for incident 𝐽 𝑅 polarised light (see Appendix A for the step-by-step derivation). 

The reader can verify that the respective result for incident 𝐽 𝐿 polarised light is  

𝐽 𝑅 ∙ 𝑒𝑥𝑝(−𝑖 2𝜃). From this result, one can draw the following conclusions: 

1. Circularly polarised light passing through a HWP will be converted to its orthogonal 

circular state with inverted handedness irrespective of the orientation angle 𝜃. 

 𝑱 = (
 𝑬𝟎,𝒙 ∙ 𝐞𝐱 𝐩(𝒊 𝝋𝒙)

𝑬𝟎,𝒚 ∙ 𝐞𝐱𝐩(𝒊 𝝋𝒚)
)𝒆𝒙𝒑(𝒊(𝒌𝒛 − 𝝎𝒕)) = (

 𝑬𝟎,𝒙
 𝑬𝟎,𝒚 ∙ 𝐞𝐱𝐩 (𝒊 𝜹)

) (2.1) 

𝑱 𝒐𝒖𝒕 = 𝑨𝑯𝑾𝑷 ∙ 𝑱 𝑫 = [
𝟏 𝟎
𝟎 −𝟏

] ∙ (
𝟏

√𝟐
(
𝟏
𝟏
)) =

𝟏

√𝟐
(
𝟏
−𝟏
) = 𝑱 𝑨 (2.2) 

𝑹(𝜽) = [
𝐜𝐨𝐬 𝜽 𝐬𝐢𝐧 𝜽
−𝐬𝐢𝐧 𝜽 𝐜𝐨𝐬 𝜽

] (2.3) 

𝑨𝑯𝑾𝑷(𝜽) = 𝑹(−𝜽) 𝑨𝑯𝑾𝑷 𝑹(𝜽) = [
𝐜𝐨𝐬𝟐 𝜽 − 𝐬𝐢𝐧𝟐 𝜽 𝟐𝐜𝐨𝐬 𝜽 𝐬𝐢𝐧 𝜽
𝟐 𝐜𝐨𝐬 𝜽 𝐬𝐢𝐧 𝜽 𝐬𝐢𝐧𝟐 𝜽 − 𝐜𝐨𝐬𝟐 𝜽

] (2.4) 

𝑱 𝒐𝒖𝒕 = 𝑨𝑯𝑾𝑷(𝜽) ∙ 𝑱 𝑹 = 𝑱 𝑳 ∙ 𝒆𝒙𝒑(𝒊 𝟐𝜽)⏟      
:=𝝋𝒈(𝜽)

 
(2.5) 
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2. A phase term 𝜑𝑔(𝜃) = ±2𝜃 is observed that depends on the HWP’s orientation angle 𝜃 

and exhibits an inverted sign for circular light with inverted handedness. 

The orientation-dependent phase term 𝜑𝑔(𝜃) is known in literature as geometric phase or 

Pancharatnam-Berry phase [180] and constitutes an important finding for polarimetry. 

Geometric phase is an intrinsic phenomenon encountered upon polarisation transformations 

that is fundamental to a dedicated branch of metasurfaces and optical components, as will 

be discussed further in Section 2.4. From this short study it is apparent that Jones calculus is 

a powerful tool when the exact phases of coherent light components are important. Hence, 

Jones calculus will be employed to describe the polarisation-dependent phase encoding 

presented in Section 3.3 that utilises (among others) the phenomenon of geometric phase, 

and for the description of the polarisation-beating in Section 5.2.1. However, one crucial 

drawback of Jones calculus is its inability to take account for unpolarised or partially 

polarised light, in which cases Mueller calculus must be employed. 

Mueller calculus utilises differently polarised intensity components rather than complex-

valued electric fields, therefore sacrificing information on the phase for a more intuitive 

description of the SoP based on easily measurable metrics. The SoP is described by the 

Stokes vector 𝑆 = (𝑆0 𝑆1 𝑆2 𝑆3)
𝑇, whose individual parameters 𝑆0-𝑆3 represent: 

• 𝑆0 ∈ [0, 1]: The total (polarised) intensity of the beam (power) 

• 𝑆1 ∈ [−1, 1]: The prevalence of the |H⟩ (+1) over the |V⟩ (-1) polarised component 

• 𝑆2 ∈ [−1, 1]: The prevalence of the |D⟩ (+1) over the |A⟩ (-1) polarised component 

•  𝑆3 ∈ [−1, 1]: The prevalence of the |R⟩ (+1) over the |L⟩ (-1) polarised component 

 The degree of polarisation 𝐷𝑂𝑃 ∈ [0, 1] can be calculated in Eq. (2.6) and subsequently be 

used to extract the fully polarised component 𝑆 𝑝𝑜𝑙 from partially polarised light 𝑆 𝑝𝑝 

according to Eq. (2.7), using 𝑆 𝑢𝑛𝑝 = (1 0 0 0)𝑇  as unpolarised component [179]. 

Transformations between different SoPs caused by optical components are described via 

cascaded matrix multiplication with the respective 4×4 Mueller Matrices M𝑒 of each optical 

element 𝑒 [181]. This work employed Mueller calculus to describe the generation of arbitrary 

SoPs and analysis of measured polarimetric data as detailed in Sections 5.3.3 and 6.3.2. 

𝑫𝑶𝑷 =

√𝑺𝟏
𝟐 + 𝑺𝟐

𝟐 + 𝑺𝟑
𝟐

𝑺𝟎
 

(2.6) 

�⃑⃑� 𝒑𝒐𝒍 =
𝟏

𝑫𝑶𝑷
∙ �⃑⃑� 𝒑𝒑 + (𝟏 −

𝟏

𝑫𝑶𝑷
) ∙ �⃑⃑� 𝒖𝒏𝒑 (2.7) 
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2.3.2 Polarisation-dependent Light-Matter Interactions 

As introduced in the previous section, different SoPs represent different spatial distributions 

of the electric and magnetic field vectors of propagating light. Optical anisotropy of 

materials refers to a range of polarisation-dependent material characteristics that originate 

from a spatially differing distribution of atoms, electrons, ions or interfaces - including 

associated electric or magnetic fields - throughout certain materials. The interaction of light 

with an anisotropic material depends thereby on the relative alignment between the light’s 

field vectors with the material’s internal fields and components, giving rise to polarisation-

dependent material characteristics. Polarimetry is dedicated to probing such anisotropic 

materials with different incident SoPs and measuring the material’s optical response to infer 

conclusions on the material’s internal structure. Figure 2.4 gives a non-exhaustive collection 

of the most important polarisation-dependent material properties. 

 

Figure 2.4: Non-exhaustive collection of polarisation-dependent material interactions and 

effects that alter the transmitted (T), reflected (R) or absorbed (A) SoP as function of the 

PE’s orientation angle Ψ or ellipticity angle χ. 
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A first distinction can be made regarding the two orthogonal SoPs that experience the 

anisotropy of physical parameters, called eigen polarisations, which are either the two 

circular (∝ 𝜒) or two linear SoPs (∝ 𝛹). The material’s internal structure and geometry is 

typically linked to the type of anisotropy e.g., chiral or helical structures and molecules cause 

circular anisotropy, while linear structures and molecules cause linear anisotropy. 

In a second distinction, the two fundamental types of polarisation-dependent material 

interactions in a non-magnetic medium (µr ≈ 1) can be identified as birefringence and 

diattenuation, for which the real part ε′(ω) and imaginary part ε′′(ω) of the complex 

dielectric function ε(ω) = ε′(ω) + i ε′′(ω) are polarisation-dependent tensors, respectively 

[182]. The real part ε′(ω) is thereby linked to the medium’s RI 𝑛(ω) ≈ √𝜀′(ω), whereas 

the imaginary part constitutes the associated dielectric losses 𝐿(ω) ∝ 𝜀′′(ω) upon 

transmission 𝑇(ω) = (1 − 𝐿(ω)). 

Linear birefringence 𝜻𝒍𝒊𝒏 is characterised by differing refractive indices 𝑛𝑜 ≠ 𝑛𝑒 along the 

ordinary (subscript o) and extraordinary (subscript e) axes, with the retardance Δ 

representing the accumulated optical phase difference through the material of thickness, 𝑡, 

according to Eq. (2.8). 

Wave retarders employed as polarisation optics are typically thinned to a thickness that 

results in a retardance of either Δ = π/2 (QWP) or Δ = π (HWP). Birefringence can have 

several sources of origin, some of which are intrinsic to the material while others are 

controllable via extrinsic parameters. In crystalline structures, intrinsic birefringence 

originates from a differing density of atoms, ions or charges along different crystal 

directions. However, birefringent behaviour can also be caused by an external structuring, 

mechanic stress or an electric field, known as form birefringence [183, 184], stress-induced 

birefringence [32, 185-187] and the Pockels effect [188], respectively. 

Linear diattenuation on the other hand describes the effect that two linear eigen-

polarisations (linear OPB) exhibit deviating transmission 𝑇(Ψ) = (1 − 𝐿(Ψ)) through a 

material, depending on the SoP’s orientation angle Ψ relative to the OPB. The extinction 

ratio 𝑇∥/𝑇⊥ compares the light’s intensity that is polarised along the transmission axis 𝑇∥ to 

the light polarised along the extinction axis 𝑇⊥. Depending on whether the extinct SoP (𝐿(Ψ)) 

is absorbed (Absorbance 𝐴) or reflected (Reflectance 𝑅), one can further distinguish between 

absorptive polarisers based on dichroism e.g., polaroid polarising filter, and beam-splitting 

𝜟 = (𝒏𝒆 − 𝒏𝒐)⏟      
𝜻𝒍𝒊𝒏

∙ 𝒕 
(2.8) 
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polarisers based on form-dependent reflection e.g., wire grid polariser (WGP). Any 

(electrically conductive) fibre whose diameter and length are larger and smaller than 𝜆/2, 

respectively, will exhibit linear diattenuation [36]. 

Linearly polarised Fresnel transmission/reflection under non-normal angles of incidence 

𝜗 > 0 according to the Fresnel equations constitutes another common source of linearly 

polarised light, even if the light source itself is unpolarised. This polarising effect can be 

observed from the interface of any two media with differing optical density (𝑛1 ≠ 𝑛2) and 

is used in a wide range of applications, e.g. to measure a material’s RI  [189], for Brewster 

windows [83], to gauge angles of reflective areas upon remote sensing [190], etc. 

Circular birefringence differs from linear birefringence solely in that the eigen 

polarisations are circular SoPs i.e., Eq. (2.8) holds true for 𝜻𝒄𝒊𝒓𝒄 = (𝒏𝑹 − 𝒏𝑳). Historically, 

this effect was first observed in aqueous solutions of chiral molecules such as sugars, for 

which a rotation of linearly polarised light 𝛥𝛹 was observed depending on the ratio of the 

two enantiomers2. The Faraday effect replicates this observation with an extrinsically 

tuneable format by applying a colinear magnetic field �⃑� (𝑧). 

Circular Dichroism describes different absorption coefficients for orthogonal circular SoPs 

and is often encountered for chiral molecules and structures. An entire branch of 

spectroscopic material characterisation has been developed to exploit circular dichroism 

[191] to study the secondary structure of proteins [192], DNA [193] and small molecules 

[194], as well as the relative ratio of enantiomers [195]. 

Circular diattenuation is less frequently observed with only a few naturally occurring 

examples related to complex biological structures [177, 196]. However, recent developments 

in the field of metasurface science based on geometric phase were able to achieve 

asymmetric transmission/reflection of circularly polarised light using artificial meta-

atoms exhibiting structural birefringence that were rotated in-plane by 𝜃 [197-200]. 

To conclude this section, the author wants to emphasise that there are a myriad of additional 

polarisation-dependent material interactions and effects that have not been presented. 

However, these unmentioned effects are not fundamental to understand the presented work 

and were hence outwith the scope of this thesis. The author refers to [201] for a more 

extensive theoretical description of polarisation-dependent effects. 

 

 

2 D: dextrorotatory, (+), clockwise; or L: laevorotatory, (-), counter-clockwise) 



25 

 

 

 

2.3.3 Review on Polarimetry and Polarimetric Imaging 

Polarisation-dependent effects and material interactions can be either independent of the 

light’s wavelength, subject to dispersion or confined to a specific spectral range e.g., Fresnel 

reflection, linear birefringence and dichroic absorption bands of a material, respectively. 

Consequently, this review will start off with polarimetric applications that exist throughout 

most of the electromagnetic spectrum before focussing on polarimetric imaging at terahertz 

frequencies in particular. 

Three often overlapping applications of polarimetric imaging [202] are found in 

(atmospheric) remote imaging [203-210], astronomic imaging [211-215] and target 

detection [209, 210, 216-219]. Each application utilises (some parameter of) the SoP as 

contrast channel that provides either additional information on the scenery or robustness to 

both the imaging medium. For example, earth observation applications based on synthetic-

aperture radars exploit polarimetric signatures to distinguish water bodies (Fresnel 

reflection) from vegetation (depolarisation upon scattering) and concrete/asphalt (e.g. single 

bounce reflection) [207, 208]. Compared to intensity-only contrast, polarimetric information 

is more robust within highly scattering media [217] such as haze (aerosol particles) [210], 

precipitation and fog [206, 218] or cosmic clouds [45, 215], and under adverse lighting 

conditions [219, 220]. 

Similar effects can be used for contrast enhancement in target detection applications to 

highlight objects that are often concealed behind clouds, haze, vegetation or camouflage 

[210, 219]. Polarimetry provides crucial additional information on the shape, orientation and 

roughness of flat, angled objects [216], thereby complementing spectral contrast that 

depends mostly on the object’s material chemistry [202]. 

Nevertheless, polarimetry also has many applications in material identification and 

characterisation, often in a combined spectropolarimeter [221-224]. Most notable techniques 

are (imaging) ellipsometry [28, 225-228], faraday rotation spectroscopy [229-232], circular 

dichroism spectroscopy [191-195, 233, 234] and birefringence imaging of microstructures 

within biological matter [235-237] or composite materials [187, 238, 239]. 

However, respective setups and applications of polarimetric imaging at terahertz frequencies 

have been thus far hindered by technological shortcomings of terahertz source power, 

detector sensitivity and quality of optical terahertz components - as previously discussed in 

Section 2.2.2. As a result, terahertz polarimetry and polarimetric imaging was mostly 

confined to established THz-TDS modified to split the beam into two orthogonally linear 
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polarised detection channel [34, 36, 169, 239]. Despite THz-TDS being a mature technology 

that allows for time-of-flight analysis to generate 3D profiles, it often requires slow point-

by-point scanning of the sample to generate images and a second beam path for the probe 

beam, as discussed previously in Section 2.2.3. A few notable exceptions succeeded in 

realising well-designed alternative setups for polarimetric terahertz imaging based on 

compact interferometric [166-168] or reflective [28] geometries. Nevertheless, more 

sophisticated and versatile systems with multiple adaptable imaging modes - comparable to 

a polarising microscope - require either more extensive optical trains or advanced optics with 

tailored polarisation characteristics, especially in transmission geometry. To demonstrate 

such a polarimetric imaging capabilities at terahertz frequencies, this work focusses on 

tailoring advanced optics towards their intended function as ultra-compact and efficient 

optics within a polarimetric terahertz microscope. For this role, anisotropic metasurface 

optics was identified as prime contender, as will be discussed in the next Section 2.4. 

 

2.4 Metasurface Optics 

2.4.1 Brief Introduction to Metasurface Optics 

Metamaterials received their name from the Greek word ‘meta’ meaning ‘after/beyond’ and 

describe artificial materials that are structured in up to three spatial dimensions to achieve a 

tailored optical, mechanical, thermodynamic, acoustic or other function that extends beyond 

the capabilities of naturally occurring materials [240]. All metamaterials are composed of 

periodic arrays of small unit cells that contain an elemental structure within their centre, 

which is called ‘meta-atom’ in reference to natural atoms that make up the unit cells of 

natural crystals. 

‘Metasurface optics’ is used here to describe flat 2-dimensional arrays of meta-atoms - 

comparable to the 2D crystal structure of graphene - that are designed towards a specific 

predefined optical response to incident light [241]. An important feature distinguishing 

metamaterial optics from photonic crystals is the sub-wavelength nature of both the meta-

atoms and unit cells, which ensures the absence of diffractive effects and the validity of the 

effective medium approach [242-244]. Furthermore, strong light confinement will occur 

inside and immediately around the meta-atoms for both metallic/plasmonic [245] and 

dielectric [31] structures. This light confinement ensures a strong (often resonant) and 

efficient interaction between the incident wave and the meta-atoms while restricting parasitic 
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crosstalk between neighbouring unit cells [31, 245]. Crucially, such interaction and thereby 

the transmitted wave properties can be controlled individually at each lattice point via the 

meta-atom’s geometry, as detailed in Section 2.4.2. Thus far, control over virtually all 

wavefront properties has been achieved with metasurfaces, namely the amplitude [246-249], 

phase [30, 31, 197, 246-254], polarisation [30, 31, 197, 249-254], orbital angular momentum 

[31, 197, 250] and even the wavelength via dispersion-engineering [255-259] and higher 

harmonic generation [260-262]. 

Giving a brief account to the historic development of metasurface optics and its underlying 

physics, one can consider wire grid polariser [244] and phase gratings [263-265] with sub-

wavelength spacing as early examples of a 1-dimensionally structured optical metasurface 

that exhibits anisotropy of the transmitted amplitude and phase, respectively. The 1D 

anisotropy of elemental structures thus induces the different transmitted amplitude and phase 

for linearly polarised light oriented parallel or perpendicularly to the subwavelength 

structures. 

Nevertheless, the advent of optical metasurfaces as a scientific field started with split-ring 

resonators (SRR), which are composed of a dielectric substrate with a thin metallic layer that 

is structured into well-defined rings that include one or several gaps, as shown in Figure 2.5 

(a), (b). Whereas most naturally occurring materials are non-magnetic (µr = µ/µ0 ≈ 1), 

SRR exhibit a designable magnetic resonance for incident light that can lead to strong and 

even negative permeabilities |µ𝑟| ≫ 1 around the resonance frequency [240, 266, 267]. 

Electrically coupled LC resonator are complementary resonant meta-atoms that achieve 

correspondingly strong and/or negative permittivity |𝜀𝑟| ≫ 1 [268]. Negative values for both 

electromagnetic properties µr, 𝜀𝑟 < 0 led to the experimental demonstration of negative 

refraction in left-handed materials with n = √εr µr [269-273], as shown in  

Figure 2.5 (c), (d). 

Extending plasmonic-based metasurfaces towards the infrared spectrum with V-shaped 

antennas, Yu et al. [274] famously described a generalisation of Snell’s law of refraction in 

Eq. (2.9) to account for the abrupt phase discontinuity encountered at the interface with 2D 

metasurfaces, as shown in in Figure 2.5 (e), (f). 

 

𝒏𝒕 𝐬𝐢𝐧𝜽𝒕 − 𝒏𝒊 𝐬𝐢𝐧𝜽𝒊 =
𝝀𝟎
𝟐𝝅

∙
𝒅𝝋

𝒅𝒙
 (2.9) 
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Figure 2.5: Illustration of (a) the geometric parameter and (b) spatial arrangement of a 

metamaterial based on SRR [269]. (c) Negative refraction with (d) a negative RI around its 

resonance frequency can be observed for such a SRR-based metasurface [270]. (e) 

Illustration of the generalised Snell’s law of refraction developed to desribe phase 

discontinuities at the metasurface interface with (f) the structure based on V-shaped 

anetnnas that was employed to verify its validity [274]. (a), (b) Adapted from [269], (c), (d) 

adapted from [270], (e), (f) adapted from [274]. 

 

Besides the two angles θ𝑖/𝑡 of incidence (subscript i) and transmission (subscript t), and the 

refractive indices of both respective media 𝑛𝑖/𝑡, one can identify a new term 𝑑𝜑/𝑑𝑥 that 

describes the spatial phase discontinuity 𝑑𝜑 along the in-plane direction 𝑑𝑥. This means that 

an in-plane (2D) phase gradient can be approximated discretely at each unit cell with 

differently phase-shifting meta-atoms to steer the transmitted or reflected beams in virtually 

any direction. One meta-atom at a time, the phase function of classic optical components 

such as (spherical) lenses, diffraction gratings, axicons, etc. can be implemented by 

metasurface optics. 

However, one major drawback of plasmonic-based metasurfaces are their considerable 

metallic losses, which imposes limits on the signal strength and overall device efficiency 

[275] despite recent progress based on intricate design [2, 276]. To address this issue, 
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lossless dielectric-based metasurfaces moved into the spotlight of the metasurface 

community due to having high overall efficiencies, typically above 80 % [31, 277]. 

Operational mechanisms of dielectric-based metasurfaces range from non-resonant 

metasurfaces based on propagation phase [263, 278, 279], geometric phase [198, 280-283] 

or their combination [30, 31, 249, 284], to Huygens metasurfaces based on simultaneous 

electric and magnetic Mie resonances [184, 254, 285] and bound states in continuum [286-

288] for non-linear optics. Section 2.4.2 will discuss the underlying physics of propagation 

phase and geometric phase in detail since the metasurface optics presented in this work was 

based on a combination of these effects. 

To conclude this section, the general key advantages of metasurface optics over their classic 

counterparts based on refractive and diffractive effects are summarised below: 

• Complexity of optical functions: Since metasurface optics is optimised point-by-point 

with subwavelength resolution, it can efficiently and accurately carry complex 2D 

profiles of the wave’s phase, amplitude and polarisation profiles. Superpositions of 

multiple optical functions can be realised by simply adding up the Fourier transforms of 

the respective phase functions into a single metasurface layer [289]. As such, a single 

metasurface can effectively replace multiple refractive elements and greatly simplify the 

layout and alignment of setups. 

• Performance: Metasurface optics have reached or even surpassed the efficiency levels 

of established optics, with transmission efficiencies well above 80 % up to nearly 100 % 

at most spectral ranges. Further advantages such as the absence of spherical aberration 

[290], the capability to control chromatic aberration [255, 291] and realise high 

numerical aperture lenses [283, 292] often render metasurface optics superior to their 

refractive or diffractive counterparts in terms performance. 

• Versatility/Adaptability: Once the design and fabrication methodology have been 

optimised, new metasurface designs with different optical function are straightforward 

to implement by slight alterations within the underlying design steps. New phase 

functions are implemented by adapting the code assembling individual meta-atoms, 

whose geometries can be recycled from previous parametric optimisations while the 

fabrication methodology remains basically the same for each different optical 

component. Consequently, metasurface optics is a highly adaptable platform that allows 

for rapid prototyping and extensions of functionalities. 
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• Integrability: A metasurface optics is basically an ultra-compact 2D optical layer with 

sub-wavelength thickness that can be directly integrated on to any desired substrate 

[293], optical element [294] or even the image sensor [276]. The negligible weight and 

spatial extent renders metasurface optics ideal for satellite optics. 

• Upscalability: Most metasurface optics with sub-mm structure sizes draw upon 

lithographic production, which is already industrialised and ready for upscaling. As such, 

the first start-up already began to mass-produce and industrialise metasurface optics in 

consumer products [295]. For larger structure sizes, laser writing [296] and  

3D-printing [297-299] techniques are promising routes towards cheap and up-scalable 

fabrication. 

 

2.4.2 Controlling Polarisation and Phase with Anisotropic Metasurfaces 

The metasurface optics developed within this thesis was based on dielectric meta-atoms, 

henceforth named meta-pillars, which utilise the propagation phase 𝜑𝑝 obtained upon 

transmission. Each meta-pillar can therefore be regarded as a truncated waveguide with low 

quality factor resonances that scatter transmitted light in a well-defined manner [279]. Let 

us consider the sub-wavelength unit cell of Figure 2.6 (a) (square of side length 𝑠) with its 

square meta-pillars of width W and height H. Assuming off-resonant (thereby broadband) 

operation and validity of the effective medium approach [242-244], one can simply 

approximate the obtained propagation phase 𝜑𝑝 upon transmission with Eq. (2.10) [263, 

279]. The effective refractive index 𝑛𝑒𝑓𝑓(𝑛0,𝑊) thus depends on the intrinsic refractive 

index of the meta-pillar’s material 𝑛0 and the relative fill-factor 𝐹𝐹 of the unit cell with pillar 

material, which is given by the ratio of volume occupied by the meta-pillar (𝐻 ∙𝑊2) to the 

entire unit cell volume (𝐻 ∙ 𝑠2), see Eq. (2.11). 

Consequently, the effective RI 𝑛𝑒𝑓𝑓(𝑊) and thereby the obtained propagation phase 𝜑𝑝(𝑊) 

can be controlled via the pillar width 𝑊 as shown in Figure 2.6 (b), with all other parameters 

being design constants. Figure 2.6 (c) illustrates this dependence 𝑛𝑒𝑓𝑓 ∝ 𝑊  by showing the 

x-z cross-section of the propagating electric field distribution for a (left) small and (right) 

𝝋𝒑 =
𝟐𝝅

𝝀𝟎
∙ 𝑯 ∙ 𝒏𝒆𝒇𝒇(𝒏𝟎, 𝑭𝑭) (2.10) 

𝒏𝒆𝒇𝒇(𝒏𝟎,𝑾) = 𝟏 + (𝒏𝟎 − 𝟏)
𝑾𝟐

𝒔𝟐⏟
𝑭𝑭

 (2.11) 
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large pillar width, exhibiting slower propagation for the wider pillar due to its larger effective 

RI. Furthermore, the electric field is highly confined inside the meta-pillars and shows 

negligible crosstalk between them [31, 245]. The independence of the pillar’s transmitted 

propagation phase 𝜑𝑝(𝑊, 𝑥, 𝑦) from their surrounding pillars at each lattice point (𝑥, 𝑦) 

allows us to approximate any two dimensional phase functions 𝜑𝑜𝑝𝑡𝑖𝑐𝑠(𝑥, 𝑦) of optical 

components such as lenses, axicons, Q-plates, etc. by simply placing locally optimised meta-

pillars at each lattice point, as described in detail in Section 3.3. In order to achieve this, the 

span of meta-pillar dimensions [𝑊𝑚𝑖𝑛;  𝑊𝑚𝑎𝑥] must be able to cover the full period of phase 

shifts 𝛥𝜑𝑝 = |𝜑𝑝(𝑊𝑚𝑎𝑥) − 𝜑𝑝(𝑊𝑚𝑖𝑛)| ≥ 2𝜋. From this relation and Eq. (2.11), one can 

approximate the span of effective refractive indices 𝛥𝑛𝑒𝑓𝑓 in Eq. (2.12) and thereby the 

lower limit for the structure height 𝐻𝐿𝐿 in Eq. (2.13). 

The above discussion described isotropic metasurfaces with meta-pillars of equal widths 

𝑊 = 𝑊𝑥 ≡ 𝑊𝑦 in x- and y-direction on a square lattice but can be easily adapted to any other 

2D lattice. The hexagonal dense lattice is often employed due to its higher packing density 

with the nearest neighbour distance 𝐷0 and fill factor of 𝐹𝐹 =
𝑊2

𝐷0
2√3/2

. Importantly, such 

isotropic metasurfaces can control the transmitted phase front but fail to alter the transmitted 

SoP. 

A commonly employed strategy to gain control over the transmitted polarisation profile 

𝑆𝑜𝑃(𝑥, 𝑦)  in addition to the phase profile is to employ meta-pillars with in-plane dimensions 

that are varied independently in x- and y-direction (𝑊𝑥 ≠ 𝑊𝑦) [300]. Such anisotropic meta-

pillars take advantage of form birefringence [184, 301], which in principle splits up Eq. 

(2.11) into two (nearly) independent equations 𝑛𝑒𝑓𝑓,𝑥(𝑊𝑥) and 𝑛𝑒𝑓𝑓,𝑦(𝑊𝑦) for x- and y-

polarised incident light, respectively. It is intuitive to understand that independent 

adjustments of 𝑊𝑥 and 𝑊𝑦 therefore allow for independent control over the respective phase 

profiles 𝜑𝑝,𝑥(𝑊𝑥, 𝑥, 𝑦) and 𝜑𝑝,𝑦(𝑊𝑦, 𝑥, 𝑦)  imposed on transmitted x- and y-polarised light, 

respectively. Furthermore, in-plane rotation of all meta-pillars by the angle 𝜃 extends this 

independent control to any orthogonal pair of linear polarisations with orientation angles 

𝛹1 = 𝜃, 𝛹2 = 𝜃 + 90°. 

𝜟𝒏𝒆𝒇𝒇 = 𝒏𝒆𝒇𝒇(𝑾𝒎𝒂𝒙) − 𝒏𝒆𝒇𝒇(𝑾𝒎𝒊𝒏) (2.12) 

𝑯𝑳𝑳 ≥
𝝀𝟎

𝜟𝒏𝒆𝒇𝒇
 (2.13) 
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Figure 2.6: (a) A dielectric meta-pillar of Height 𝐻 exhibits (b) an effective RI 𝑛𝑒𝑓𝑓(𝑊) that 

depends on the pillar’s width W. (c) The electric field distribution 𝑅𝑒(𝐸𝑦) in x-z cross-

section through the meta-pillar (propagation direction z) clearly shows strong light 

confinement within the pillars with a slower light propagation for the pillar with larger width 

𝑊, resulting in a phase difference between them behind the pillar. A diffraction grating 

based meta-pillars that act as HWP exploits the geometric phase 𝜑𝑔(𝜃) to achieve opposite 

diffraction angles for incident (d) |𝐿⟩ and (e) |𝑅⟩ polarised light. This geometric phase effect 

can be illustrated on the Poincare sphere for (d) |𝐿⟩ and (e) |𝑅⟩ polarised light. (a)-(c) 

Adapted from [263], (d)-(g) adapted from [302]. 

 

However, independent control of orthogonal SoPs with spin-angular momentum 

(handedness of circular component) requires more intricate design. Hasman et al. pioneered 

work to exploit the geometric (Pancharatnam-Berry) phase acquired upon conversions of the 
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incident polarisation [252, 265, 303]. As previously demonstrated in Eq. (2.5) (see Appendix 

A for the step-by-step derivation) and briefly discussed in Section 2.3.1, a HWP will always 

convert the circularly polarised component of incident light into its opposite handedness, 

including a geometric phase term 𝜑𝑔(𝜃) = ±2𝜃 that depends only on the in-plane rotation 

angle 𝜃 of the HWP and the handedness of the incident circular light  

(+ for |𝑅⟩, - for |𝐿⟩). 

This effect can be exploited by designing a birefringent meta-pillar as HWP with  

𝜑𝑝,𝑥 = 𝜑𝑝,𝑦 + 𝜋 and then simply rotating these meta-pillars individually at each lattice point 

(𝑥, 𝑦) throughout the metasurface to achieve the desired phase function 𝜑𝑔(𝜃, 𝑥, 𝑦), as 

illustrated in Figure 2.6 (d), (f). Such metasurface optics based on geometric (Pancharatnam-

Berry) phase have been widely studied in literature [304-306]. However, the phase profiles 

experienced by orthogonal circularly polarised components are opposite in their sign, but 

not independent. As shown in Figure 2.6 (d)-(g), a diffraction grating based on geometric 

phase will diffract light of orthogonal handedness into different directions, but with the same 

diffraction angle. Similarly, a metasurface based on geometric phase that is designed as 

focussing lens for one circular SoP will automatically be a defocussing lens for the 

orthogonal circular component [307, 308]. 

Arbabi et al. were the first to demonstrate a dielectric metasurface that overcame this 

limitation and achieved a truly independent choice of two different phase profiles imprinted 

on to the two orthogonal circular SoPs (|𝑅⟩ and |𝐿⟩) [31]. Their work combined the 

principles of propagation phase and geometric phase within anisotropic meta-pillars whose 

lateral dimensions 𝑊𝑥, 𝑊𝑦 were varied independently in addition to the in-plane rotation of 

pillars by the angle θ. This mechanism, also known as spin-decoupled phase control [304], 

was quickly generalised by Balthasar Mueller et al. to enable independent phase profiles on 

to any orthogonal SoPs with spin-angular momentum, i.e. elliptically polarised light [30]. 

Figure 2.7 illustrates this principle, while a detailed explanation on the underlying 

calculations based on the Jones formalism can be found in the supplement of [309] with its 

practical implementation discussed in Section 3.3. 

In conclusion, metasurface optics has come a long way in offering independent control over 

the transmitted polarisation and phase profiles, boasting capabilities for wavefront 

engineering and complex polarisation transformations that are unmatched by any other 

technology [310]. As such, metasurface optics represents a revolution in polarising optics, 

which shall be exploited for polarimetric terahertz applications within this thesis. 
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Figure 2.7: Illustration of different physical mechanisms for locally controlled phase 

acquisition of meta-pillars to implement arbitrary 2D profiles of the tranmitted phase and 

SoP. (a) Anisortopic pillars with independently varied pillar widths 𝑊𝑥, 𝑊𝑦 exploit 

sturctural birefringence to acquire independent amounts of propagation phase along the two 

meta-pillar axes for respective linearly polarised light. (b) Geometric phase 𝜑𝑔(𝜃) = ±2𝜃  

can encode two phase profiles of opposite sign on to the circular SoPs using one pillar-

dimension with birefringence of π (HWP) that are locally rotated by 𝜃. (c) By clever 

combination of both effects, one can imprint independent phase funtions on to arbitrary 

elliptical SoPs, as will be described in Section 3.3. (a)-(c) adapted from [30]. 
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2.4.3 Review on Dielectric Metasurface Optics at Terahertz Frequencies 

As introduced in the previous section, dielectric-based metasurfaces employ 3-dimensional 

meta-pillars that have to be accurately produced from high-quality dielectric material by 

either additive or subtractive patterning techniques. Crucially, all operational mechanisms 

rely on structure dimensions that are scaled relative to the operational wavelength, e. g. Eq. 

(2.13). To operate within the terahertz spectrum, one therefore requires meta-pillars with 

structure dimensions i.e., pillar height 𝐻, in the range of tens to hundreds of micrometres, 

which is challenging to fabricate. Presumably for this reason, only a handful of experimental 

demonstrations of dielectric metasurface optics targeting wavefront manipulation in the 

terahertz spectrum have been reported  when this PhD project started in October 2018 [305, 

311-315], with only the Zhang et al. [313] demonstrating two independent phase functions 

for orthogonal |𝐻⟩ and |𝑉⟩ polarisations. Since then, interest in dielectric-based metasurface 

optics has been growing rapidly within the terahertz spectrum, with many demonstrations of 

(auto- [316]) focussing optics such as spherical [281, 299, 305, 313-315, 317-326] and 

axicon lenses [298, 299, 311-313, 317], albeit only a few take advantage of the polarisation-

altering capabilities of anisotropic metasurfaces [281, 305, 311, 313, 318, 319, 323, 325]. 

Other demonstrated applications of polarising meta-optics include Q-plates [304, 311-313, 

327], broadband wave plates [328-330], tuneable polarisation rotators [331-333]  and 

asymmetric transmission [198, 334-338], to name a few. Notable non-polarising metasurface 

optics in the terahertz spectrum entail dielectric absorber [339-344], spectral bandpass filter 

[345], (broadband) anti-reflective layer [313, 330] and many more. It is worth noting that 

the majority of publications employ high-resistivity silicon as dielectric material [198, 199, 

304, 305, 312, 313, 315, 317, 320, 321, 323, 324, 329, 331, 334, 338, 340, 346, 347] due to 

its favourable material properties at terahertz frequencies. 

However, most demonstrations thus far of metasurface optics were restricted to presenting a 

specific metasurface design and confirming its intended operation, with relatively little work 

demonstrating the integration and use of metasurface optics in practical instruments. 

Furthermore, the ability to independently control two orthogonal polarisations has thus far 

only been presented as a scientific investigation rather than an opportunity to engineer novel 

beam forming and beam analysing optics within the terahertz spectrum, e. g. for polarimetry. 

This work has therefore aimed to advance the potential of metasurface optics operating at 

terahertz frequencies towards their tailored applications. Non-diffracting Bessel beams 
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therefore constitute a unique and versatile design platform for metasurface optics to alter the 

SoP in three spatial dimensions, as will be discussed in the next Section 2.5. 

 

2.5 Non-diffracting Bessel Beams 

2.5.1 Theoretical Background of Bessel Beams 

The main objective of imaging optics is to set the intensity, phase and polarisation profiles 

that illuminate the imaged object and subsequently re-focus or collimate the altered beam on 

to the image plane for its recording and analysis. The vast majority of focussing and 

collimating optics employs spherical lenses, which impose the 2D parabolic phase profile of 

Eq. (2.14) on to the incoming wavefront to focus all intensity into a single (ellipsoidal) focal 

point at the focal length 𝑓 behind the lens, as shown in Figure 2.8 (a). The transverse cross-

section exhibits a radially symmetric Gaussian-distributed intensity profile with up to 

diffraction-limited waist radius 𝑤𝑔(𝑓) at the point of tightest focus, see Eq. (2.15). The focus 

is roughly maintained within √2 𝑤𝑔(𝑓) along the confocal length of 𝑧𝑔 (twice the Rayleigh 

length 𝑧𝑅 [348]) as shown and Eq. (2.16), respectively, with the incident beam diameter 𝐷0. 

The waist radius of the Gaussian centre 𝑤𝑔(𝑧) can then be described at any axial distance 𝑧 

according to Eq. (2.17). 

 

 

Figure 2.8: Schematics of the axial profiles of (a) a Gaussian beam focussed by a spherical 

lens and (b) a Bessel beam created by a conical axicon lens. (c) Illustration of the self-

reconstructing capabilities of a Bessel beam after encountering small obstructions. Adapted 

from [349]. 
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Although spherical lenses are the predominant beam forming optics [253, 290, 305, 318, 

321], their counterpart based on conical axicon lenses with phase profile given by Eq. (2.18) 

[350] offer several appealing advantages [351, 352]. The radial period of the axicon’s phase 

profile, g, is thus connected to the axicon’s base angle 𝜃 and RI 𝑛𝐴 via the diffraction angle 

α = sin−1(nA − θ) − θ = sin
−1(λ0/g) between the propagation direction and optical axis 

[353]. 

As shown in Figure 2.8 (b), the Bessel beams3 generated by such an axicon phase entail an 

extended non-diffracting region within which the transverse intensity profile follows the 

Bessel function of the first kind 𝐽𝑙(𝑥, 𝑦) with order 𝑙 [354]. Most importantly, the central 

lobe of this transverse Bessel profile exhibits a waist diameter 𝑤𝑏 that remains constant over 

a large axial propagation distance 𝑧𝑏 according to Eq. (2.19) and Eq. (2.20), respectively, 

with the diffraction angle 𝛼 of the diffracted light given by the radial and axial wave vectors 

𝑘𝑟, 𝑘𝑧 in Eq. (2.21) [348, 349]. Each point 𝑧𝑡 =
𝑟∙𝑑

𝜆
 on the optical axis is therefore the focal 

point of a narrow ring with radius 𝑟 on the axicon. The concentric side-lobes constitute a 

reservoir for intensity, SoP and optical orbital angular momentum (OAM) that is fed into the 

central lobe further down the optical axis 𝑧 [355, 356].  

The needle-shaped focal line (central lobe) simplifies the alignment and retention of focus 

over considerable distances enabling applications such as light-sheet microscopy [355-357]. 

 

 

3 Strictly speaking, true Bessel beams are spatially unbound and would hence entail an infinite amount of 

energy. However, experimental demonstrations of Bessel-Gauss beams with an incident plane wave bound to 

𝐷0 are a good approximation to the theory of Bessel beams. In this work, experimentally observed Bessel-

Gauss beams are therefore referred to as ‘Bessel beam’ for simplicity without significant loss of accuracy. 

𝛗𝒈(𝐱, 𝐲) =
𝟐𝛑

𝛌
(𝐟 − √[𝐟𝟐 +  𝐱𝟐 + 𝐲𝟐]) (2.14) 

𝒘𝒈(𝒇) =
𝟒𝝀

𝝅
∙
𝒇

𝑫𝟎
 (2.15) 

𝒛𝒈 = 𝟐 𝒛𝑹 =
𝟐𝝅

𝝀
𝒘𝒈

𝟐 (2.16) 

𝒘𝒈(𝒛) = 𝒘𝒈√𝟏 + (
𝒛

𝒛𝑹
)
𝟐

 (2.17) 
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Furthermore, Bessel beams possess self-reconstructing properties after encountering an 

obstruction, as shown schematically in Figure 2.8 (c) and described by Eq. (2.22), where 

zrec is the axial distance after which the beam profile obstructed by an aperture of diameter 

o is reconstructed, and 𝑘 = 2𝜋/𝜆 the wave vector [348, 349]. 

Bessel beams are therefore broadly considered more robust against perturbations [358, 359]. 

Another intriguing property is the ability to create higher order Bessel beams that carry 

orbital angular momentum (OAM) by superimposing the spiral phase 𝜑𝑂𝐴𝑀(ρ) shown in 

Eq. (2.23) with the in-plane polar angle ρ and the topological charge (or order of the Bessel 

function) 𝑙 [360, 361]. 

Such vortex beams and their superpositions have been studied extensively as platform that 

allows for tailored variations of the SoP both in the transversal and longitudinal plane, which 

shall be explained in the next Section 2.5.2 [350, 352, 358, 360, 362, 363]. 

 

2.5.2 Tailored Transversal and Longitudinal Polarisation Profiles 

‘Structured light’ is a vast and rapidly developing research topic that spans far beyond the 

concepts and beam types presented in this summary. Several excellent reviews have been 

published for readers wanting a broader overview [364-368]. This section aims to provide a 

more focussed and brief theoretical background for the work presented in Chapter 5. 

To understand the physics behind the 3-dimensional variations of the SoP that can be 

achieved using Bessel beams, it is useful to decompose the SoP variation into the transverse 

x-y plane and the longitudinal z direction [358], as summarised in Table 2.3. 

 

𝝋𝒃(𝐱, 𝐲) = 𝝋𝒃(𝒓) = 𝟐𝝅 ∙ √𝒙𝟐 + 𝒚𝟐⏟      
≔|𝒓|

∙ 𝒈−𝟏 (2.18) 

𝒘𝒃 = 𝟐. 𝟒𝟎𝟓 ∙ 𝛌𝟎/(𝟐𝛑𝐬𝐢𝐧(𝛂)) (2.19) 

𝐳𝐛 = 𝑫𝟎/𝟐 𝐭𝐚𝐧𝛂 (2.20) 

𝜶 = 𝐚𝐫𝐜𝐭𝐚𝐧 (
𝒌𝒓
𝒌𝒛
) = 𝐚𝐫𝐜𝐭𝐚𝐧 (

𝑫𝟎
𝒛𝒃
) (2.21) 

𝐳𝐫𝐞𝐜 ≈
𝐤 ∙ 𝐨

𝐤𝐳
≈

𝐨

𝐭𝐚𝐧𝛂
 (2.22) 

𝝋𝑶𝑨𝑴(𝛒) = (±𝒍 ∙ 𝛒) (2.23) 
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Table 2.3: Summary of (higher order) Bessel beams with different spatial variations of the 

SoP. The axicon phase functions 𝜑1(𝑟), 𝜑2(𝑟) for two orthogonal polarisations (subscript 

1 and 2) are given by Eq. (2.18), whereas the respective OAM is given by Eq. (2.23) with 

the topologic charges 𝑙1, 𝑙2. 

Beam type 
SoP  

in (x, y) 

SoP  

along z 

Topologic 

charge 

Axicon phase fronts 

[𝜟𝝋(𝒛)] 

Scalar 

Bessel/Vortex 

beam 

Uniform Uniform 𝑙1 = 𝑙2 ∈ ℕ0 𝜑1(𝑟) = 𝜑2(𝑟) 

Transverse Vector 

Vortex beam 
Variant Uniform 𝑙1 = −𝑙2 ∈ ℕ 𝜑1(𝑟) = 𝜑2(𝑟) 

Longitudinal 

Vector beam 
Uniform Variant 𝑙1 = 𝑙2 ∈ ℕ0 𝜑1(𝑟) ≠ 𝜑2(𝑟) 

3D Vector Vortex 

beam 
Variant Variant 𝑙1 = −𝑙2 ∈ ℕ 𝜑1(𝑟) ≠ 𝜑2(𝑟) 

 

The fundamental type of polarised Bessel beams are scalar Bessel beams that exhibit a 

uniform SoP profile in both the transverse and longitudinal direction, alternatively called 

scalar vortex beams if carrying OAM (l ≠ 0), see Figure 2.9 (a). Such scalar Bessel beams 

are created by illuminating an axicon of isotropic phase profile given in Eq. (2.18) with 

polarised light - including the spiral phase of Eq. (2.23) in case of vortex beams. 

(Transverse) vector vortex beams (TVVB) exhibit an SoP profile that varies within the 

transverse plane around an optical phase singularity in the centre (𝑙 ≠ 0) [369]. Such TVVB 

have been known for well over a decade [370], with radially and azimuthally polarised vector 

beams shown in Figure 2.9 (b) (𝑙 = 1) being the most prominent examples. TVVBs can be 

easily generated with a segmented wave plate [371], a Q-plate [369, 372] or based on the 

superposition of two orthogonally polarised higher order Bessel beams 𝑙1 = 𝑙2 ≠ 0. As 

shown in Figure 2.9 (b), radially (top left) and azimuthally (bottom left) polarised TVVB 

exhibit one full rotation of the linear SoP around the optical singularity of 𝑙1 = 𝑙2 = ±1, 

whereas higher order TVVB show respectively more of such phase discontinuities, i.e. two 

for the 2nd order TVVBs shown at the right side of Figure 2.9 (b) [351, 373]. 
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Figure 2.9: Depiction of diverse (a) scalar vortex Bessel beam modes of uniform transverse 

SoP (black arrows) and (b) vector vortex Bessel beam modes exhibiting a 2D-variant SoP 

in the transverse plane. The respective spatial intensity profile is depicted by the colour code 

(white → brightest, black → darkest). Adapted from [351]. 

 

Moreno et al. was among the first to demonstrate Bessel beams whose SoP was changing 

along the propagation direction (𝑧) while remaining constant in each respective transverse 

plane [350], which will henceforth be called ‘longitudinal vector beams’ (LVB). Such LVB 

shown in Figure 2.10 are generated by superposition of two orthogonally polarised Bessel 

beams B1, B2 with different axial wave vectors kz,1 ≠ k𝑧,2 [33]. In practice, this can be 

implemented by imposing two independent axicon phase profiles φ1(r), φ2(r) of Eq. (2.18) 

on to two orthogonal SoPs, e. g. |𝑅⟩ and |𝐿⟩. By choosing different grating constants 𝑔|𝑅⟩ ≠

𝑔|𝐿⟩, a radially growing phase mismatch 𝛥𝜑(𝑟) = 𝜑|𝑅⟩(𝑟) − 𝜑|𝐿⟩(𝑟) ∝ 𝑟 can be achieved 

between the |𝑅⟩ and |𝐿⟩ polarised wavefront. The radial-to-longitunal projection (𝑧 ≈ 𝑟 ∙

𝑔/𝜆) achieved by the axicon phases results then in a longitudinally varying phase shift 

𝛥𝜑(𝑧) between the two orthogonally polarised Bessel beams 𝐵|𝑅⟩, 𝐵|𝐿⟩, which in turn 

translated into the desired longitudinal variation of the SoP. This longitudinal SoP is 

oscillating around a circular path on the Poincare sphere, which is equidistant to the 

underlying orthogonal polarisations of 𝐵1 and 𝐵2, i.e. latitude oscillation for  |𝐻⟩ and |𝑉⟩, 

or azimuth oscillation for |𝑅⟩ and |𝐿⟩ [350, 358]. 
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Figure 2.10: Demonstration of a Bessel beam with longitudinal variation of the SoP, 

consisting of two superimposed |𝑅⟩ and |𝐿⟩ polarised Bessel beams with 𝑘𝑧,|𝑅⟩ ≠ 𝑘𝑧,|𝐿⟩. (a) 

Schematic illustration of the continuous 𝛬-periodic rotation of the linear SoP along (b) the 

non-diffracting focal line. (c1) - (g1) shows the intensity maxima and (c2) - (g2) minima of 

the transverse plane after a respective polariser (white arrow) for five different z-positions, 

proving the axial SoP-rotation. Adapted from [358]. 

 

Both transverse and longitudinal variations of the SoP can be achieved by combining both 

previously described effects [352, 363, 374, 375]. Such 3D-vector vortex beams are again 

based on the superposition of two orthogonally polarised higher order Bessel beams with 

both φ1(r) ≠ φ2(r) and 𝑙1 = −𝑙2 ≠ 0 [358, 360], as shown in Figure 2.11. 

 



42 

 

 

 

 

Figure 2.11: First-order (𝑙1 = 1,  𝑙2 = -1) 3D-vector vortex beam whose transverse SoP 

profile (left column) varies along the propagation axis z (rows). The pictures from left to 

right show the transverse intensity profile without and with analyser, the orientation of 

which is indicated by the symbol above each respective column. Adapted from [360]. 

 

At last, it shall be mentioned that focussed radially polarised Bessel beams are even able to 

generate polarised beams that exhibit a strong linearly polarised component oriented along 

the propagation direction z [376, 377]. 

It is clear from this brief background theory that Bessel beams offer a potent and versatile 

platform to shape the SoP into novel and exotic pattern. Thus far, even polarised Bessel 

beams that alter their topologic charge upon propagation [360], self-accelerated Bessel 

beams with tailored trajectories [378] and structured bottle-shaped Bessel beams have been 

realised [379], to name a few. The following section thus aims to give a non-exhaustive 

review on important applications of Bessel beams. 
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2.5.3 Review on Bessel Beams and their Applications 

As respective reviews point out [380-382], Bessel beams and their polarisation-variant 

derivates are highly anticipated as beam forming optics for a wide range of important 

applications. 

Among the earliest reported applications were the prospects for micromanipulation, i.e. 

optical tweezing and particle trapping based on (higher order) Bessel beams or more 

complex superpositions thereof [33, 380, 383-389], such as bottle beams [390] or tractor 

beams [391]. 

In somewhat related application, Bessel beams are often crucial components in a range of 

different microscopy techniques. Examples range from their application as excitation beam 

for the 3D sectioning of samples within light-sheet microscopy [357, 392, 393] to super-

resolution microscopy, which utilises either the inherent capabilities of Bessel beams to 

achieve sub-diffraction limited focusing [380, 394, 395], or employ them as doughnut-

shaped de-excitation beam for the stimulated emission depletion (STED) principle that is 

central to super-resolution fluorescence microscopy [359, 396]. 

Another long-pursued field of applications for Bessel beams concerns microfabrication and 

material processing. Bessel beams have been found to have superior characteristics for ultra-

fast and precise drilling of micro holes and laser ablation [33, 380, 397-400]. Interestingly, 

azimuthally polarised (transverse) vector vortex beams have been found to achieve higher 

drilling speed compared to other polarisation profiles [401], highlighting the benefits of 

Bessel beam’s ability to form complex and versatile polarisation profiles. 

Classical and quantum communication constitutes a broad field of application for Bessel 

beams that has gained a lot of attention over recent years [364, 402-409]. In particular, the 

OAM carried by Bessel beams offers prospects for signal multiplexing [410] and encryption 

[411, 412], whereas the directivity of its intensity profile together with non-diffracting and 

self-healing capabilities renders it an ideal candidate for (optical and 5G/THz) wireless 

communication links [413-415]. 

Bessel beams find additional applications in diverse fields, such as spectroscopy [377, 416] 

and optical sensing e.g. of the RI [33, 417, 418] and polarimetry of materials [419] or 

advanced beam forming capabilities, e.g. autofocusing beams [316, 420]. 

In recent years, the capability of metasurfaces to generate Bessel beams with complex 

intensity and polarisation profiles gained momentum due to the vastly reduced setup 

complexity required when employing tailored metasurface optics [421]. 
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We can hence conclude that Bessel beams are a powerful and versatile beam forming 

platform that allows for control over a rich set of optical properties, most prominently OAM 

and complex (3D) profiles of the SoP. Particularly at terahertz frequencies, several key 

technologies such as wireless communication, (polarimetric) microscopy or non-destructive 

material testing have been proven to greatly benefit from the capabilities provided by Bessel 

beams. 

The developments presented here further underline the merit of the strategy to design 

metasurface-generated Bessel beams with tailored polarisation profiles. These 

characteristics were deployed as probe beams within a compact and efficient polarimetric 

imaging microscope operating at terahertz frequencies, as will be presented in Chapter 5. 

 

2.6  Summary of the Chapter 

This chapter aimed to provide a well-founded yet brief theoretical background to understand 

the research conducted in this PhD project, as well as a baseline to evaluate the progress 

achieved in the completed work when compared to the current state-of-the-art in the 

literature. 

Section 2.2 presented the unique properties of terahertz radiation and outlined the anticipated 

applications that would take advantage of them. A review on optical components and 

imaging setups operating within the terahertz regime concluded that progress on industrially 

viable terahertz applications is currently limited by technological capabilities and the 

maturity of optical components rather than by lack of potential of the terahertz spectrum or 

interest therein. 

Section 2.3 introduced the theoretical background to understand and describe the state of 

polarisation as fundamental property of electromagnetic radiation. A brief review outlined 

the SoP’s significance for material characterisation, remote sensing and contrast 

enhancement within diverse spectral regions before highlighting the apparent lack of efforts 

to introduce such polarimetric capabilities at terahertz frequencies. One proposition of this 

thesis is that the SoP is ideally suited to circumvent many challenges encountered for 

terahertz imaging and even deliver complementary information for the anticipated 

applications in NDT, security imaging and remote sensing. 

The subsequent Section 2.4 provided a short recollection on the booming research 

concerning optical metasurfaces and summarised the joint advantages that are anticipated 
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for metasurface optics over its established counterparts i.e., refractive optics. The section 

concluded with a review on recent efforts to advance imaging capabilities within the 

terahertz spectrum by design of advanced metasurface optics based on highly efficient 

dielectric structures with sub-wavelength dimensions.  

The last Section 2.5 discussed the physics underlying Bessel beams and derived their special 

properties, notably the non-diffracting beam profile, self-healing capabilities and formation 

of optical vortices. Special focus was dedicated to the remarkable capability of structuring 

the polarisation profiles of Bessel beams in both transverse and longitudinal direction, which 

renders Bessel beams a versatile platform for beam forming optics in polarimetric 

applications. The section finally summarised prior work on Bessel beams with focus on their 

anticipated applications. 

Chapter 3 will present the methodology employed for the design and optimisation, using 

simulation, of the metasurface optics used in this thesis from individual meta-atoms to their 

assembly into a metasurface in depth. The discussion includes collective simulations that 

provide a frame of reference to confirm the intended optical operation prior to fabrication. 
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Chapter 3 : The Anisotropic Metasurface Platform 

3.1  Motivation 

As introduced in Section 2.4, metasurfaces constitute a revolution in functional optics due 

to their capability to efficiently convey complex optical functions within a single layer [30-

33]. Obtaining respective optical functionality with classical optics typically requires 

multiple components in a complex setup that is prone to misalignments and standing waves 

[28] - if it is possible at all. 

The majority of metasurface designs are divided into periodically arranged unit cells 

containing sub-wavelength structures, called meta-atoms, that manipulate the properties of 

light in a well-defined manner. Every meta-atom across a metasurface can be designed with 

an individually tailored effect on the transmitted (or reflected) properties of light, namely 

amplitude including diattenuation, phase shift including birefringence, and polarisation 

including independent functions for orthogonal SoPs [30, 31, 33, 418, 422]. The transmitted 

wavefront is formed behind the metasurface as a result of the superposition and interference 

of light scattered by each individual meta-atom. 

This work focuses on dielectric meta-atoms that deliver high and uniform transmission 

amplitudes since the employed FIRL was already comparably faint in intensity despite being 

one of the most intense sources of radiation delivering 2.52 THz. Furthermore, it was 

desirable to encode arbitrary phase shifts independently on to two orthogonal polarisations, 

requiring an anisotropic geometry for the meta-atoms. 

Once enough different meta-atom geometries to evenly cover all transmitted wave properties 

in the simulations of Section 3.2 were found, it was possible to produce arbitrary optical 

functions by optimising a spatial combination of these meta-atoms with the algorithm 

presented in Section 3.3 to obtain the metasurface design. To confirm that the desired optical 

function will be obtained, a template for collective simulations of large numbers of meta-

atoms in the commercial software Lumerical FDTD solutions in Section 3.4 was set up. 

It shall be emphasised that the presented meta-atom geometries can be arranged in numerous 

different spatial configurations to generate virtually any desired optical function. Both 

metasurface designs of Chapter 5 and Chapter 6 are based on the meta-atom geometries 

obtained in this section, as well as slightly adapted versions of the pattern generation code 

and the collective simulation template. Therefore, the anisotropic metasurface design 
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presented in this chapter can be regarded as a platform that enables quick and flexible 

creation of tailored polarising optic. 

 

3.2 Optimisation Simulations of Meta-pillars and their Unit Cell 

The parameters of the unit cell were chosen with careful consideration.  

As dielectric material for both the substrate and meta-pillars, intrinsic silicon  

(resistivity > 10 kΩcm) was selected due to its high RI of 3.418 RIU [189] and high 

transparency at the design wavelength 𝜆0 of 118.8 µm (2.52 THz). A high RI ensures strong 

light confinement within the meta-pillars, and hence an effective manipulation by the pillar’s 

geometry without significant cross-talk between neighbouring pillars [31]. In the present 

case, the pillars were separated by air (≈ 1 RIU). Moreover, bulk micromachining techniques 

such as deep reactive ion etching (DRIE) are well-matured technologies for the 

microstructuring of silicon [423].  

A hexagonal lattice with nearest neighbour distance (𝑫𝟎) of 40 μm (≈ 𝜆0/3) was chosen 

to provide a dense and even distribution of lattice points with a high spatial resolution of 

635 pillars per inch for the encoded phase profiles. This lattice can be divided into three 

hexagonal sub-lattices, as done in Chapter 6, and still retain its sub-wavelength dimension 

with a next-nearest neighbour distance (𝐷1) of 69.3 μm (≈ 0.6 𝜆0), or 367 pillars per inch. 

The anisotropic pillar geometry was chosen to be rectangular for three major reasons. First 

of all, rectangular pillars are fully described by 2 vertices within the .gds file format so as to 

reduce the resulting file size considerably compared to e.g. elliptic pillars that require up to 

199 vertices [424]. Beyond this, rectangular pillars are reported to have more efficient and 

more uniform optical response, e.g. compared to ellipses, see supplement S2 of [30]. Lastly, 

rectangular pillars are robust to fabrication tolerances upon dry etching. Slight rounding of 

the vertices affected optical performance insignificantly, while the reduced open space 

between pillars hindered the detrimental effect ARDE e.g., compared to ellipses. 

Simulations of the transmission properties (S-parameters) for a wave propagating from 

within the substrate (port 1 at 𝑧𝑚𝑖𝑛) through the pillars towards air (port 2 at 𝑧𝑚𝑎𝑥) were 

conducted using the commercial software CST Studio due its user-friendly “parameter 

sweep” interface that allowed for the adjustment of the three pillar dimensions within their 

unit cell shown in Figure 3.1 (a), namely width in x (Wx), width in y (Wy) and height in z 

(H). The planes dissecting the substrate (white dashed lines) were set to have ‘periodic 
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boundary conditions’ in order to include potential cross-talk between neighbouring pillars, 

whereas the two x-y planes parallel to the substrate at 𝑧𝑚𝑖𝑛 and 𝑧𝑚𝑎𝑥 were set as “perfectly 

matched layer (PML)” to absorb the transmitted and reflected waves at port 1 and 2, thereby 

preventing their reflection back into the simulated space. 

Two opposing requirements had to be optimised in a trade-off: 

1) Optical performance: The transmitted phase-shifts 𝜑𝑥, 𝜑𝑦 for incident x- and y-

polarised light needed to independently span the full phase period from [-π, π]. This 

required a large range of pillar widths [𝑀𝑖𝑛(𝑊𝑥,𝑦),𝑀𝑎𝑥(𝑊𝑥,𝑦)] and/or a large pillar 

height (𝐻). In addition, all simulated pillar dimensions shall exhibit a high and uniform 

transmission 𝑇. An in-depth summary and explanation is given by Kruk et al. in [425]. 

2) Fabrication tolerances: Dry-etching the pillars anisotropically into a silicon substrate 

without an etch-stop layer will lead to aspect-ratio dependent etch rates (ARDE), see 

Section 4.4.2. This detrimental effect becomes more severe for a larger range of pillar 

width [𝑀𝑖𝑛(𝑊𝑥,𝑦),𝑀𝑎𝑥(𝑊𝑥,𝑦)] and/or a larger pillar height (𝐻). Furthermore, the 

extreme pillar dimensions were limited to 𝑀𝑖𝑛(𝑊𝑥,𝑦) of 7.5 µm and 𝑀𝑎𝑥(𝑊𝑥,𝑦) of 

30 µm to avoid collapsing pillars due to undercutting and low etch rates at narrow 

trenches (D0 −Wx,y ≥ 10 µm), respectively. 

Figure 3.1 (b) shows the resulting phase shifts φx, φy for individual pillar geometries (black 

datapoints) of 100  µm (0.84 λ0) height (𝐻) with a range of pillar widths spanning [7.5 µm; 

30 µm] with 0.5 µm step-size. The colour code around each datapoint represents the pillar’s 

respective aspect ratio (𝑊𝑥/𝑊𝑦). It can be clearly seen that the 2D phase plane exhibits two 

extended regions without black datapoints, representing phase shift combinations 𝜑𝑥, 𝜑𝑦 

that cannot be approximated by any pillar design. Consequently, the simulation results fail 

to accurately encode two arbitrary phase profiles independently on to the x- and y-polarised 

components. Furthermore, fabrication trials showed severe spatial etch depth deviations for 

this large range of pillar widths spanning [7.5 µm; 30 µm]. 

The simulations of pillar widths spanning [7.5 µm; 30 µm] were rerun with larger pillar 

heights until 150 µm (1.26 λ0) was selected as optimum. The resulting phase shifts φx, φy 

(black datapoints) in Figure 3.1 (c) successfully cover the entire 2D phase space evenly. The 

respective transmissions Tx,y of these simulated pillars in Figure 3.1 (d) were above 70 %, 

with a distinct region of even higher transmission (white meshed area).  
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Figure 3.1: (a) Depiction of the unit cell (white dashed box) using the commercial simulation 

software CST Studio with its parameters: pillar height H, nearest neighbour distance 𝐷0 

(40 μm), pillar widths 𝑊𝑥 𝑎𝑛𝑑  𝑊𝑦 with 0.5 μm step-size, and the in-plane rotation angle 𝛳 

with 1° step-size. (b) Simulation results of the transmitted phase shifts 𝜑𝑥, 𝜑𝑦 for 𝑊𝑥,𝑊𝑦 in 

the range [7.5 μm; 30 μm] and a pillar height H of 100 µ𝑚 (each black datapoint represents 

the result a different pillar dimension i.e., 𝑊𝑥,𝑊𝑦). The colour code around each datapoint 

represents the pillar’s respective aspect ratio (𝑊𝑥/𝑊𝑦), which should be as low as possible 

to minimise fabrication tolerances due to ARDE. (c) Respective simulation results of the 

transmitted phase shifts 𝜑𝑥, 𝜑𝑦 for a pillar height H of 150 µ𝑚 (black datapoints) with (d) 

their respective x-polarised transmission 𝑇𝑥 (colour code) for the simulated pillar widths 

𝑊𝑥, 𝑊𝑦 (respective results for y-polarised light are mirrored around the diagonal line). The 

highlighted area (white mesh) represents the more efficient range of pillar widths within [15 

μm; 30 μm] that was selected for the final design, with (e) the respective phase shifts 𝜑𝑥, 𝜑𝑦. 

(f) Polar plot of the complex transmission for the final design with incident x- and y-

polarised light (blue and orange data, respectively). Each datapoint represents a specific 

pillar geometry 𝑊𝑥, 𝑊𝑦 with the respective polar angle and radial distance corresponding 

to the phase shift and transmission of this pillar. The full phase range (polar angle) was 

spanned with high and uniform transmission (radial distance) close to the optimum (green 

unit circle). 
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This reduced range of pillar widths within [15 µm; 30 µm] was still enough to evenly span 

the entire 2D phase space as shown in Figure 3.1 (e) and hence selected as final design for 

our pillars. The polar plot of the complex transmission Tx,y ∙ exp (i φx,y) of Figure 3.1 (f) 

demonstrates a good performance of the final pillar design compared to the optimum (green 

circle), with any pair of phase shifts φx, φy (corresponding to polar angles) attainable with 

a high and uniform transmission Tx, Ty (corresponding to radial distance) of 86.9 % ± 6.4 %. 

Furthermore, the decreased aspect ratios of these pillars helped to decrease the impact of 

ARDE on the etch depth to a manageable level. 

The selected pillar dimensions (𝐻 = 150 µ𝑚, 𝑊𝑥,𝑦 ∈ [15 µ𝑚, 30 µ𝑚], 𝛥𝑊𝑥,𝑦 = 0.5 µ𝑚) 

are capable of accurately encoding two independent phase profiles on to the x- and y-

polarised components of transmitted light with a high and uniform transmission, while 

limiting the aspect ratio and its associated fabrication tolerances.  

To gauge the impact of slight height deviations 𝛥𝐻 caused by ARDE on the optical 

performance of the selected pillars, the simulations were repeated for a range of different 

pillar heights encountered in practice (see Section 4.3) while accounting for the associated 

change of the substrate thickness 𝑡𝑠𝑢𝑏. Figure 3.2 shows the deviations of the x-polarised 

transmission 𝛥𝑇x(ΔH) = Tx(H) − Tx(H ± ΔH) caused by height deviations ΔH of  ±5 µm 

and ±10 µm. It can be seen that the transmission efficiency of individual pillar geometries 

changed by up to ±0.17, or ±17 %, for ΔH of ±10 µm. A respectively smaller height 

deviation ΔH of ±5 µm resulted in values of 𝛥𝑇x(ΔH) within ±9.7 %, suggesting a linear 

relation 𝛥𝑇x ∝ ΔH. Strikingly, the averaged transmission efficiency of all pillar dimensions 

was virtually unaffected by these height deviations. The metasurface can therefore be 

expected to maintain its overall efficiency within ±10 µm of the intended etch depth of 

150 µm despite minor transmission shifts experienced by individual pillar geometries. 

The resulting deviations of the transmitted x-polarised phase shift  

𝛥𝜑x(ΔH) = φx(H) − φx(H ± ΔH) caused by height deviations ΔH of  ±5 µm and ±10 µm 

are depicted in Figure 3.3. Two conclusions can be made from these results: 

1. The phase deviation Δφx(ΔH) changes only gradually with the pillar dimensions 𝑊𝑥,𝑊𝑦. 

2. The phase deviation of each pillar dimension changes in good approximation linearly 

with the etch depth deviation 𝛥𝜑x ∝ 𝛥𝐻 from −10 μm to +10 μm with an average slope 

of approx. -4.6°/µ𝑚. 
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Figure 3.2: (a) Simulation results of the deviations of transmission 𝛥𝑇𝑥(𝛥𝐻) expected for 

over- and under-etching due to ARDE for 𝛥𝐻 of (a) −5 𝜇𝑚, (b) +5 𝜇𝑚, (c) −10 𝜇𝑚 and 

(d) +10 𝜇𝑚. The average transmissions at each pillar height were (a) 87.2 % ± 6.4 %, (b) 

87.0 % ± 6.3 %,  (c) 87.3 % ± 6.4 % and (d) 86.9 % ± 6.5 %, showing that they were 

virtually unaffected by the etch depth deviation (86.9 % ± 6.5 % at 150 𝜇𝑚). Results for y-

polarised light 𝛥𝑇𝑦(𝛥𝐻) are obtained by swapping the x- and y-axes. 

 

The linear relation between pillar height (𝛥𝐻) and imparted phase shift (𝛥𝜑x) was expected 

from the theory of propagation phase [263, 279], see Eq.(3.1) with the design wavelength 𝜆0 

and the pillar’s effective RI 𝑛𝑒𝑓𝑓,𝑥,𝑦 for x- or y-polarised light, respectively, which can be 

varied by the pillar widths (𝑊𝑥,𝑊𝑦). 

 

 

 𝚫𝛗𝐱,𝐲 =
𝟐𝛑

𝛌𝟎
𝚫𝐇 ∙ 𝐧𝐞𝐟𝐟,𝐱,𝐲(𝐖𝐱,𝐖𝐲) (3.1) 
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Figure 3.3: (a) Simulation results of the phase deviation 𝛥𝜑𝑥(𝛥𝐻) expected for over- and 

under-etching due to ARDE for 𝛥𝐻 of (a) −5 𝜇𝑚, (b) +5 𝜇𝑚, (c) −10 𝜇𝑚 and (d) +10 𝜇𝑚. 

The averaged phase deviation of all design pillars was hereby 22.9° ± 5.6°,  −23.0° ± 5.7°,  

46.1° ± 11.0° and  −46° ± 11.4°, respectively. Results for y-polarised light 𝛥𝜑𝑦(𝛥𝐻) are 

obtained by swapping the x- and y-axes. 

  

To further explore the linearity of the pillar’s phase response to the etch depth deviation, 

linear fitting was performed with the simulated phase shifts 𝜑x(H) for each pillar dimension 

(Wx, Wy) at H = [140 µm, 145 µm, 150 µm, 155 µm, 160 µm]. Figure 3.4 shows the slope 

determined from this fit as a function of pillar geometry, with its correlation coefficient 

(Pearson’s r ≥ 0.95) certifying a compellingly linear relation 𝜑x ∝ H for each pillar 

dimension, as expected from Eq. (3.1). Using this slope together with Eq. (3.1) enabled the 

determination of the effective RI 𝑛𝑒𝑓𝑓,𝑥,𝑦(𝑊𝑥,𝑊𝑦) for transmitted x- or y-polarised light, as 

well as the pillar’s birefringence (𝑛𝑒𝑓𝑓,𝑥 − 𝑛𝑒𝑓𝑓,𝑦). With the results of this simulation study, 

a detailed understanding was gained of the operational principle of the unit cell design that 

makes up the metasurfaces, as well as the data to gauge and quantify the impact of etch depth 

deviations on the performance of the fabricated metasurfaces. 
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Figure 3.4: For each pillar dimension (𝑊𝑥, 𝑊𝑦), the simulated phase shifts 𝜑𝑥(𝐻) at 

H=[140 µm, 145 µm, 150 µm, 155 µm, 160 µm] were linearly fitted to determine the (a) 

slope with its (b) correlation coefficient (Pearson’s r). Using the obtained slope and 

Eq. (3.1), (c) the effective RI 𝑛𝑒𝑓𝑓,𝑥 of x-polarised light and (d) the birefringence  

𝑛𝑒𝑓𝑓,𝑥 − 𝑛𝑒𝑓𝑓,𝑦 can be calculated for each pillar geometry. Respective results for y-

polarised light of (a)-(c) are obtained by swapping the x- and y-axes. 

 

The presented design was consequently employed for all metasurfaces (simulations and 

experiments) presented in this thesis i.e., in Chapter 5 and Chapter 6. 
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3.3 Pattern Generation – Assembling Meta-Pillars into Metasurfaces 

The pattern generation code summarised in Figure 3.5 was written in python using the 

gdsCAD documentation [424]. For all metasurfaces presented in this thesis, the code 

required three initial design parameters: 

i) Pattern extent e.g., circular area with 𝑅𝑀𝑆 of 11 mm, and ii) the two arbitrary phase 

functions 𝜑1(𝑥𝑖, 𝑦𝑖), 𝜑2(𝑥𝑖, 𝑦𝑖) e.g., two different axicons, that are to be imprinted on to  

iii) the respective OPB e.g., |𝑅⟩, |𝐿⟩ polarised light. The simulation results of Section 3.2  

( ( 𝑊𝑥(𝑚), 𝜑𝑥(𝑚), 𝑇𝑥(𝑚), 𝑊𝑦(𝑚), 𝜑𝑦(𝑚), 𝑇𝑦(𝑚) ) for each meta-pillar geometry 𝑚 were 

imported into the ‘meta-pillar library’. Hexagonal lattice points 𝑙 = (𝑥𝑖, 𝑦𝑖) with 

40 μm spacing were generated within the pattern extent and - if necessary - divided into their 

sub-lattices. The algorithm looped over each lattice point 𝑙 and calculated the phase shifts 

𝜑𝑎𝑖𝑚,𝑥(𝑙), 𝜑𝑎𝑖𝑚,𝑦(𝑙) to be imposed by the pillar’s widths 𝑊𝑥,𝑊𝑦, as well as the pillar’s in-

plane rotation angle 𝛳𝑎𝑖𝑚(𝑙) according to Eq. (3.2), Eq. (3.3) and Eq. (3.4), respectively. 

 

 

Figure 3.5: Flowchart for the pattern generation algorithm in python utilising the gdsCAD 

documentation [424]. 
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 The equations for independent phase-encoding on to a circular OPB were obtained by 

solving the Jones Matrix (𝐽), for a spatial arrangement of linearly birefringent meta-pillars, 

see equation (3.5), with the two arbitrary phase functions 𝜑|𝑅>, 𝜑|𝐿> and their respective 

Jones vectors |𝑅⟩ =
1

√2
[
1
−𝑖
], |𝐿⟩ =

1

√2
[
1
𝑖
], as described in detail in the supplement of [309]. 

 
𝐉 = 𝐑(−𝛉) [𝐞

𝐢𝛗|𝐑> 𝟎
𝟎 𝐞𝐢𝛗|𝐋>

] 𝐑(𝛉) 
(3.5) 

Still at the same lattice point 𝑙 = (𝑥𝑖, 𝑦𝑖), the algorithm then calculated the complex-valued 

errors 𝜻𝒙,𝒚(𝒍,𝒎) for the x- and y-phase functions together with their root-mean square 

(RMS) 𝜻𝐑𝐌𝐒(𝒍,𝒎) according to Eq. (3.6) to (3.8) with the imaginary unit 𝑗. 

 𝜻𝒙(𝒍,𝒎) = |𝑻𝒙(𝒎) ∙ 𝒆𝒙𝒑(𝒋 𝝋𝒙(𝒎)) − 𝒆𝒙𝒑(𝒋 𝝋𝒂𝒊𝒎,𝒙(𝒍))|
𝟐
 (3.6) 

 𝜻𝒚(𝒍,𝒎) = |𝑻𝒚(𝒎) ∙ 𝒆𝒙𝒑(𝒋 𝝋𝒚(𝒎)) − 𝒆𝒙𝒑(𝒋𝝋𝒂𝒊𝒎,𝒚(𝒍))|
𝟐
 (3.7) 

 

𝜻𝑹𝑴𝑺(𝒍,𝒎) = √
𝟏

𝟐
∙ ((𝜻𝒙(𝒍,𝒎))𝟐 + (𝜻𝒚(𝒍,𝒎))𝟐) 

(3.8) 

The optimal pillar geometry 𝑚𝑜𝑝𝑡(𝑙) = (𝑊𝑜𝑝𝑡,𝑥(𝑙),𝑊𝑜𝑝𝑡,𝑦(𝑙)) was determined by 

minimising 𝜁RMS(𝑙,𝑚) of Eq. (3.8) and subsequently placed at its respective lattice point 𝑙, 

rotated by 𝛳𝑎𝑖𝑚(𝑙) rounded to full degrees. All mentioned parameters were also exported 

into a .txt file for quality assessment. Once all lattice points had their optimised meta-pillars, 

an output file (.gds file format) was generated. This file can be imported into Lumerical 

FDTD solutions for collective simulations or read by computer-aided manufacturing (CAM) 

software for photomask production. 

Figure 3.6 (a) shows the top-view of a metasurface pattern generated with the described 

methodology and algorithm in which all pillars (blue areas) are rotated by 45º to 

independently impose two different axicon phase functions on to incident |D⟩ and |A⟩ 

polarised light. Figure 3.7 (b) and (c) illustrates the two underlying phase functions 𝜑𝑜𝑝𝑡,𝑥(𝑙) 

and 𝜑𝑜𝑝𝑡,𝑦(𝑙) that are imposed by the selected meta-pillars (black points) onto transmitted 

 𝝋𝒂𝒊𝒎,𝒙(𝒍) = {
 𝝋𝟏(𝒍)                                                   𝒇𝒐𝒓 |𝑯⟩, |𝑽⟩, |𝑫⟩, |𝑨⟩   

 𝟎. 𝟓 ∙ [𝝋𝟏(𝒍) + 𝝋𝟐(𝒍)]                                     𝒇𝒐𝒓 |𝑹⟩, |𝑳⟩  
 (3.2) 

 𝝋𝒂𝒊𝒎,𝒚(𝒍) = {
 𝝋𝟐(𝒍)                                                  𝒇𝒐𝒓 |𝑯⟩, |𝑽⟩, |𝑫⟩, |𝑨⟩

 𝟎. 𝟓 ∙ [𝝋𝟏(𝒍) + 𝝋𝟐(𝒍)] − 𝝅                             𝒇𝒐𝒓 |𝑹⟩, |𝑳⟩ 
 (3.3) 

 𝜭𝒂𝒊𝒎(𝒍)  = {

 𝟎°(𝒄𝒐𝒏𝒔𝒕. )                                                        𝒇𝒐𝒓 |𝑯⟩, |𝑽⟩   

𝟒𝟓° (𝒄𝒐𝒏𝒔𝒕. )                                                   𝒇𝒐𝒓 |𝑫⟩, |𝑨⟩

 𝟎. 𝟐𝟓 ∙ [𝝋𝟏(𝒍) − 𝝋𝟐(𝒍)]                                𝒇𝒐𝒓 |𝑹⟩, |𝑳⟩ 

 (3.4) 
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|D⟩ and |A⟩ polarised light, respectively. It is apparent that these two phase functions 

𝜑𝑜𝑝𝑡,𝑥(𝑙), 𝜑𝑜𝑝𝑡,𝑦(𝑙) differ in the radial periodicity of their imposed phase shifts (colour code) 

as intended.  

 

 

Figure 3.6: (a) Illustration of a metasurface pattern assembled from individual pillars for 

an exemplary design imposing two different axicon phase functions on to |𝐷⟩ and |𝐴⟩ light 

using the methodology described in this section with the algorithm of Figure 3.5. (b) The 

phase shift imposed on to transmitted |𝐷⟩ light (colour code) at each individual pillar (black 

datapoints) accurately approximates the conical (2D) phase function of an axicon according 

to Eq. (2.18) with radial phase period 𝑔 of 540 µm, whereas the same pillars (c) impose a 

different conical phase function with radial phase period 𝑔 of 242 µm on to transmitted |𝐴⟩ 

light. (d) shows the averaged phase error ((φaim,x − φopt,x) + (φaim,y − φopt,y)) /2 that 

confirms the remarkably accurate approximation of Eq. (3.2) and Eq. (3.3) by the chosen 

pillars, with a global average over all pillars of −0.2° ± 4.3°. 

 



57 

 

 

 

To gauge the accuracy of the encoded phase functions 𝜑𝑜𝑝𝑡,𝑥(𝑙), 𝜑𝑜𝑝𝑡,𝑦(𝑙) with respect to 

the targeted phase functions φaim,x(l) and φaim,y(l), Figure 3.6 (d) show the averaged phase 

error, calculated as ((φaim,x − φopt,x) + (φaim,y − φopt,y)) /2. These results prove the 

ability of our approach to simultaneously encode two independent phase functions on to two 

orthogonal SoPs with a negligible phase error of −0.2° ± 4.3° averaged over all pillars and 

both phase profiles. 

For the written code employed for pattern generation of the metasurfaces of Chapter 5 and 

Chapter 6, see Appendix B and C, respectively. 

 

3.4 Collective Simulations of the Metasurface Designs 

To confirm that the collective response of a large ensemble of meta-pillars operated 

according to the intended optical function, collective simulations of metasurfaces with up to 

9’060 individual meta-pillars within simulated volumes of up to 4 mm x 4 mm x 7.2 mm 

were conducted. 

For this task, the generated metasurfaces were directly imported from their .gds file into the 

commercial software Lumerical FDTD solutions. This software is based on a finite-

difference time-domain (FDTD) method that numerically solves Maxwell’s equations. The 

FDTD algorithm is widely employed in the field of wave optics, where the feature sizes of 

objects are in the range of the wavelength e.g., meta-atoms, since it accurately accounts for 

interference, diffraction, coherence and polarisation effects. 

Because all of the metasurfaces developed in this work share the same fundamental design 

e.g., dielectric materials, meta-pillars, transmission geometry, etc., they also share a 

fundamental simulation template that is capable of accurately describing the beam shaping 

functions and polarising effects. The modular user interface of FDTD solutions allows for 

quick adaptations of the simulation file to new metasurfaces by adding and shifting monitors 

or by adapting design dimensions. 

This section is hence designated to introduce and explain the important modules and 

parameter of the collective simulation template developed and employed within this thesis. 

Figure 3.7 shows an exemplary template based on the metasurface polarimeter discussed in 

Chapter 6 with indication of each module’s illustration within the simulation space. 
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Figure 3.7: Illustration of the setup simulation within the template used in Chapter 6. All 

simulation modules and monitors are shown and addressed via the (a) technology tree. (b) 

shows a perspective view of the simulation space, highlighting the 3D nature of the collective 

simulations of large meta-pillar assemblies. (c) Plan view on to the top of the metasurface 

(x-y plane) with indication of the different simulation modules and monitors. 

 

Substrate (Material): In this module, the 3-dimensional geometric extent of the substrate 

is defined, including rotations and the material parameters. The employed material 

“Silicon_THz” was user-defined as dielectric with RI of 3.4175 RIU (at 2.52 THz) [189, 

426]. It is recommended to extend the substrate (cyan) beyond the simulation space (orange 

square/box) to avoid simulation artefacts originating from edge-effects. Furthermore, the 

substrate should be sufficiently thick to avoid unwanted near-field effects between the source 

and substrate-metasurface interface e.g., a few wave cycles (𝜆𝑛(3.4175 𝑅𝐼𝑈) = 34.76 µ𝑚). 

In the present case, a 200 µm space was left to before the substrate-metasurface interface. 
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Metasurface (Group): As mentioned before, the metasurface layer can be easily imported 

(File → Import → GDS...) into a group containing the individual meta-pillars as polygons. 

In this group element, the 3D position of the layer can be set, as well as the meta-pillars z-

span (Height, 150 µm) and material (dielectric with RI of 3.4175 RIU) with the RI of the 

surrounding medium (air, 1 RIU). In case a circular metasurface shall be simulated, a 

reflective circular aperture has to be introduced below the metasurface as both the FDTD 

solver region and source injection plane are restricted to rectangular geometries. 

FDTD (solver region): This module defines the spatial extent of the simulation volume 

(orange boundary) including its meshing and boundary conditions, the maximum simulation 

time including the auto shutoff condition and other global simulation properties. The 

maximum simulation time was set to 0.5 ns, simulation temperature to 300 K and the RI of 

the background to 1 RIU. As mesh settings, “auto non-uniform” was selected with a mesh 

accuracy setting of 4 and mesh refinement “conformal variant 0”. The “dt stability factor” 

was set to 0.99 and “minimum mesh step setting” to 0.25 µm. All boundary conditions were 

optimised to “PML” of type “stretched coordinate PML” with “standard” profile, 8 layers, 

kappa = 2, sigma = 1, polynomial = 3, alpha = 0, alpha polynomial = 1, minimum layers = 

8 and maximum layers = 64. Auto shutoff was enabled to end simulations early once the 

remaining power within the simulation space fell below 10−5. 

Mesh override region: This element forced the software to create a finer mesh around the 

imported metasurface layer including a 5 µm wide buffer. A maximum mesh step of 5 µm 

was selected for all 3 spatial dimensions. 

Optical Source: Depending on the desired incident polarisation, one or two plane wave 

sources (Bloch/periodic) were employed with propagation direction along the z-axis 

(forward). The source polarisation can be adapted via the phase shifts and polarisation angles 

of these two sources. The wavelength was set to start and stop at 118.7 µm and 118.9 µm 

(2.52 THz), respectively, with “eliminate discontinuities” and “optimise for short pulse” 

enabled. The injection plane was set inside the substrate, 150 µm, or ca. 4.3 wave circles,  

below the start of the metasurface layer. Once again, it was recommended to extend the 2D 

layer beyond the simulation space and substrate area to avoid edge-artefacts. The remaining 

50 µm of substrate below this source allowed were used to insert a monitor that evaluated 

the portion of the E-fields reflected by the substrate-metasurface and metasurface-air 

interfaces. 
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Movie Monitor: These monitors were inserted in the x-z and y-z plane to create a short 

movie showing the temporal progression of the electric field density. Their temporal nature 

made them particularly useful to observe (multiple internal) reflections and Fabry-Perot 

effects within the substrate or introduced samples (as in Section 5.2.2). 

Frequency-Domain Power Monitor: These monitors were used to record the 2D spatial 

profile of electric field strength, or optical power. The inferred intensity cross-sections along 

the x-z and y-z planes, as well as at several axial positions after the metasurface (x-y plane) 

were vital in the analysis and evaluation of simulation results. Recorded data was the output 

E- and H-fields along all three coordinates (x, y, z) and the overall output power. 

Polarisation Monitor: This 2D analysis group was used to determine the overall state of 

polarisation passing through them at the target wavelength of 118.8 µm. These monitors 

played a vital role in confirming and quantifying polarising effects. Their spatial extent was 

set to 120 µm x 120 µm (≈ 𝜆0). 

Ring Aperture: In order to simulate circular metasurfaces within the rectangular simulation 

space, it was necessary to block the light within the excess regions at the vertices. To achieve 

this, a thin (60 µm) ring aperture consisting of a perfect electric conductor (PEC) was 

introduced just below the metasurface layer. The intended operation was confirmed without 

metasurface layer using E-field monitors. 

The presented simulation template was of immense benefit to the effective prototyping and 

performance evaluation of different metasurface designs prior to their lithographic 

production. The results obtained from these simulations served as benchmark for both the 

theoretical models developed in this thesis and the experimentally obtained results in 

Chapter 5 and Chapter 6. 

 

3.5 Summary of the Chapter 

In this chapter the fundamental methodology to create versatile metasurface design platform 

was introduced, which enabled the fast and adaptable development of ultra-compact and 

highly efficient polarising optics operating at terahertz frequencies. 

In Section 3.2 a methodology to predict the optical response of periodic sub-wavelength 

structures as function of their anisotropic geometry using simulations that sweep the width 

parameter of rectangular meta-pillars was introduced. The periodic unit cell was optimised 

to strike a compromise between manufacturability i.e., fabrication tolerances, on the one side 
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and the targeted optical performance on the other side, including the versatile adaptability of 

the transmitted phase and polarisation profiles with high transmission efficiency. The 

resulting pillars can accurately approximate arbitrary points within the entire 2D phase 

space, thus imposing two independent phase shifts on to transmitted x- and y-polarised light. 

The confirmed the linear relation between pillar height and transmitted phase shift was then 

confirmed according to the theory of propagation phase and used this information to gauge 

the impact of slight variations of the etch depth, which expected from ARDE, on the optical 

performance. 

Section 3.3 presented the developed algorithm to arrange large numbers of these meta-pillars 

into an optimised 2D metasurface that approximates a user-defined collective response i.e., 

two independent phase functions imposed on to two orthogonal polarisations. All six 

degenerate states of polarisation can be independently addressed this way with a high 

transmission efficiency. It shall be emphasised that the selected phase functions are encoded 

pillar-by-pillar with a high resolution of 635 pillars per inch. This computer-based “pick and 

place” approach to phase encoding allows for the straightforward superposition and 

multiplexing of multiple complex optical functions into a single layer with very high 

accuracy. As a consequence, a single optimised metasurface can effectively replace extended 

regions of a setup that would require multiple pieces of classical optics. The system size and 

associated losses caused by reflection or absorption can be therefore reduced drastically. 

Performance deterioration from standing waves and interference effects which are prevalent 

at terahertz frequencies will also be reduced. This makes the presented approach ideally 

suited to design more compact optical setups with improved signal-to-noise ratios and 

complex optical functions, which would be difficult to achieve with conventional optical 

components. 

Finally, Section 3.4 introduced the means to test and optimise the collective optical response 

of the generated metasurfaces with a modular collective simulation template. The function 

and optimised properties of each module was discussed along with the fundamental 

operation of the FDTD algorithm. 

This chapter hence introduced and developed the tools to create the highly efficient and 

adaptable polarising optics that are investigated in Chapter 5 and Chapter 6. The following 

Chapter 4 will present the optimisation of the fabrication methodology, including the 

metrology to quantify the encountered fabrication tolerances. 
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Chapter 4 : Fabrication and Quality Assurance 

4.1 Fabrication Requirements and Chapter Outline 

To produce dielectric metasurfaces with good optical performance that remains close to the 

simulations of the previous Chapter 3, one must first define the fabrication requirements, 

identify suitable fabrication techniques and therefrom assess which available fabrication 

technique appears to be best suited.  

The metasurface design of this thesis required the fabrication of meta-pillars with highly 

accurate lateral structure size (0.5 µm step-size), a large structure height (150  µm) and high 

sidewall verticality (≤ ±3°) over large areas (aperture size of up to 4.84 𝑐𝑚2)4 into silicon. 

 

Table 4.1: Comparison of prospective fabrication techniques for the metasurface optics 

designed in Chapter 3 including evaluation of their key metrics. 

Design Aspect 
3D Printing 

[298, 427-429] 

E-beam litho. 

& ALD [282, 

430] 

Direct Laser 

Ablation [423, 

431, 432] 

Focussed Ion 

beam litho. 

[433] 

Photo-litho. & 

Bosch etch 

[423, 434, 435] 

Dielectric 

material 

Low ref. index 

(polymer) 

High ref. index 

(TiO2 or Si) 

High ref. index 

(Si) 

High ref. index 

(Si) 

High ref. index 

(Si) 

Quality of 

material 

(roughness, 

absorption) 

Inclusions, 

material 

fluctuations 

Excellent 

(low sidewall 

roughness) 

Laser-induced 

damage 

Absorption by 

implanted ions 

and carriers 

Excellent 

(wafer grade) 

Achievable 

structure size 
Ca. 200 µm Ca. 40 nm 

3 µm - 100 µm 

(∝ Height) 
Ca. 20 nm Ca. 230 nm 

Achievable 

structure 

height 

3.5 mm 

(ΔH = 100 µm) 

Few µm, 

(max. is resist 

thickness) 

350 µm, but 

tapered profile 

Few µm to  

few 100 µm 

Several 

100 µm 

Fabrication 

tolerances 

Medium to 

high  

(lateral, height) 

Very low 

(± 10 nm) 

High  

(height taper & 

lateral) 

Very low 

(lateral, height) 

Low (taper,  

etch depth) 

Fabrication 

speed  

(over mm2) 

Fast to medium 

(increases in 

3D) 

Slow along 1D 

(Height) 

Slow 

(increases in 

3D) 

Extremely low, 

(increases in 

3D) 

Fast, increases 

in 1D, (Height) 

 

 

4 The aperture was 22 mm (square or round), which was twice the 1/e diameter of the FIRL’s Gaussian beam. 
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Table 4.1 provides a non-exhaustive list of potential fabrication techniques for dielectric 

metasurfaces that have been evaluated against the requirements of this work. The coloured 

background summarises whether the relevant fabrication requirement is satisfied by the 

respective fabrication technique (highlighted in green) or not (highlighted in red). As the 

table shows, most methods comply with only some of the requirements and possess at least 

one significant flaw. The only method able to meet all requirements is the combination of 

photolithography and the so-called Bosch silicon etching, and as such it will be central to 

the remainder of this chapter. 

Section 4.2 will give an introduction to the photolithographic processes employed to produce 

the metasurfaces presented in this work i.e., photolithography and Bosch etching. 

Commonly experienced production errors and detrimental effects are pointed out together 

with their respective solution strategies and process parameters. Section 4.3 then presents 

the optimised process sequence with the exact process parameter as employed for the 

fabrication of monolithic metasurfaces. Section 4.4 will consider quality assurance of the 

fabricated metasurfaces by introducing white light interferometry (WLI) and outlining its 

capability to gain process control over the etch depth through intermediate measurements. 

A powerful methodology to obtain statistically relevant information on the etch depth will 

be established that can quantify deviations from ideality. Section 4.5 provides an assessment 

of the finished metasurfaces using diverse metrology tools. Results obtained from WLI are 

combined with the simulation results of Section 3.2 to gauge the impact of the observed etch 

depth deviations on the optical performance of the fabricated metasurfaces. Section 4.6 

concludes this chapter by summarising the advantages of the presented monolithic 

metasurface production over other established fabrication methodologies i.e., the established 

bilayer structure containing an etch-stop layer. 

Last but not least, it shall be emphasised that the sample fabrication, metrology and data 

analysis presented in this chapter was conducted in its entirety by the PhD candidate of this 

thesis. Noteworthy support was provided by Corrie Farmer and the staff of the JWNC, who 

provided standardised recipes for the deposition, patterning and removal of the photoresist, 

as well as expert advice on the optimisation of the Bosch etch and its execution, respectively. 

 



64 

 

 

 

4.2 Introduction to Photolithographic Patterning 

4.2.1 Sample Preconditioning and Handling 

Cleanliness lies at the heart of micro- and nanofabrication. This fact is manifested in the 

sophisticated and extremely costly cleanroom environments, such as the James Watt 

Nanofabrication Centre, which uphold an artificial atmosphere that is continuously 

circulated from the ceiling downwards through the floor while being filtered with high-

efficiency particulate air (HEPA) filters. This constant airflow is necessary to quickly force 

any introduced, generated or stirred up particles away from working surfaces towards the 

HEPA filters. Contrary to common belief, cleanroom suits and face masks are not worn as 

personal protective equipment against chemicals but intended to reduce particle 

contamination by the person wearing them. 

Even small dust particles can create unwanted ‘pin hole’ or extensive ‘comet streak’ defects 

within the deposited photoresist layer, thereby locally masking areas that were supposed to 

be etched away. It is therefore crucial for the quality and yield of processed samples to 

actively avoid and remove particle contamination whenever possible e.g., by moving slowly 

next to the samples, by wearing cleanroom gear, by avoiding to lean over samples, by 

keeping samples within clean and de-dusted carrier boxes, by blowing off particles with 

gaseous nitrogen before each process step, etc. 

Chemical contaminations, such as grease, salts and organic residues, can be even more 

detrimental as they alter the surface chemistry of the substrate and consequently cause poor 

wetting or adhesion of the resist layer. Handling the substrate with cleaned tweezers that 

exclusively touch the far edges of the substrate is hence advisable. 

An extensive initial cleaning procedure was essential to the successful and reproducible 

deposition of the photoresist layer. Typically, the substrate is immersed sequentially into a 

set of different solvents that possess individual solubilities to different chemicals, so using 

them in sequence should effectively remove any chemical contamination. For example, 

deionised water removes most salts but not organic residues while acetone shows the 

opposite behaviour. This cleaning step is often assisted by high temperatures to increase the 

speed of dissolution and the solubility of chemicals, and/or ultrasonic agitation that helps to 

mechanically shake off contaminations. When transferring samples from one solvent to the 

next it is important to spray the next solvent over the surface to avoid drying of the liquid 

film, which would re-deposits dissolved contaminations. For the same reason, the sample 
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has to be blow-dried in nitrogen stream at the end of the cleaning process, preferably with a 

slowly evaporating solvent such as water or iso-propyl alcohol. 

Subsequent preconditioning of the substrate surface chemistry to provide good adhesion of 

the photoresist layer was the next important step. At ambient air, silicon substrates typically 

possess a thin native oxide layer of ca. 2 nm with functional silanole (Si-OH) and siloxane 

(Si-O-Si) groups. This polar surface chemistry strongly binds water molecules (hydrophilic) 

from the ambient humidity, yet poorly interacts with the organic photoresist (lipophobic). 

Hence, the adsorbed surface water was first removed in a dehydration step, e.g. at elevated 

temperature in an oven [436], before the primer solution (MCC80-205 [437]) converted the 

substrate surface lipophilic via a surface functionalisation reaction with 1,1,1,3,3,3-

hexamethyldisilazane (HDMS) [438]. The cleaned and preconditioned silicon substrates 

should be immediately coated with the photoresist, as described in the next section. 

 

4.2.2 Photolithography 

The term “photolithography” can be loosely translated from Greek as “writing into stone 

with light” and includes nowadays a multifaceted group of additive and subtractive 

processing steps that generate microstructures layer-by-layer, such as integrated circuits, 

optical films, microfluidic channel, etc. Photolithography is arguably the most potent and 

versatile top-down fabrication technique for feature sizes in the range of tens of micrometres 

down to a few nanometres, which was driven by the semiconductor industry from the first 

integrated circuits to modern complementary metal-oxide-semiconductor (CMOS) and fin 

field-effect transistor technologies. 

The photoresist is the centrepiece of photolithography. Photoresists are mixtures of 

chemicals i.e., solvent, photoactive compound (PAC), sensitiser and additives, which are 

optimised to respond to a specific exposure with a locally confined (photo-)chemical 

reaction that changes the solubility in a specific developer solution. Different types of 

photoresists are established, each having individual advantages for respective process 

sequences. For example, a high spatial resolution requires thin resist layers (low viscosity 𝜈) 

with a spatially confined photoreaction (high contrast resist) that is triggered by a short 

wavelength (diffraction limit). For extreme resolutions in the order of ten nanometres and 

 

 

5 Solvent: 1-Methoxy-2-propanol acetate (80 %), Surface Reactant: 1,1,1,3,3,3-hexamethyldisilazane (20 %) 
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below, electrons are used to expose the resist within electron-beam lithography, which takes 

advantage of the tuneable de Broglie wavelength of electrons (via their acceleration voltage), 

thereby allowing for variable resolution. On the other hand, anisotropic etching of high 

aspect-ratio structures deep into silicon, as employed in this work, requires thick resist layers 

(high viscosity 𝜈) with strong adhesion and high selectivity towards the etchant over 

prolonged process times. Requirements on achievable resolutions are more relaxed with a 

minimum feature size of a few µm and a tolerance of < ± 10%, which are achievable with 

i-line exposure (365 nm). A photoresist that meets these requirements is SPR220.7 [439], 

which was consequently employed to fabricate the metasurfaces in this work. 

In its core, photolithographic patterning consists of four fundamental process steps that are 

summarised in Figure 4.1 and will henceforth be explained in detail. 

 

 

Figure 4.1: Schematic step-by-step illustration of the photolithographic fabrication of a 

monolithic metasurface via subtractive patterning using plasma-based Bosch etching. 

 

1) Deposition of a uniform photoresist layer: Spin coating 

Spin-coating is the established technique to deposit uniform photoresist layers of 

controllable thickness and high quality, both in lab-scale research and plant-scale 

manufacturing. The substrate or wafer is hereby fixed on the rotatable sample holder using 

a moderate vacuum. After the photoresist was applied to the sample surface (static dispense), 

the sample holder starts to rotate (spin-up), often with a low initial speed (spreading step). 

The experienced centrifugal force spreads the photoresist evenly over the sample surface, 

with some excess photoresist being ejected off the sample edges. Once the sample is 
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accelerated to its intended spin speed ω, excess photoresist is ejected until viscous forces 

within the photoresist layer start to counteract further thinning (spin off). This step is setting 

the final film thickness t𝑓 ∝ ν
0.4 ∙ ω−0.5, which is proportional to the photoresist viscosity ν 

and the inverse square-root of the spin speed ω [436]. This relation is clearly observed for 

the photoresist employed in this work, see the 𝑡𝑓(𝜔) curves in  Figure 4.2.  

 

 

Figure 4.2: Selected photoresist properties of the commercial SPR220-Series photoresist 

(MEGAPOSIT) employed in this work [439]. The thickness curves for different spin speeds 

and resist types (viscosity) clearly show decreasing thickness for increasing spin speeds 

(𝑡𝑓 ∝ 𝜔
−0.5) and lower resist viscosity (𝑡𝑓 ∝ 𝜈

0.4). Furthermore, thicker films require a 

respectively higher exposure dose. Illustration reproduced from the product datasheet 

[439]. 

 

Further resist thinning is driven by solvent evaporation once centrifugal and viscous forces 

counterbalance. A detrimental artefact commonly observed for high viscosity photoresists is 

the formation of a thicker deposited layer close to the sample edges compared to the sample 

center, which is known as ‘edge bead’ in literature [440, 441]. This edge bead hampers hard 

contact with the photomask upon exposure, leading to a lower pattern resolution with 
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smeared-out resist walls comparable to proximity lithography. To counter the formation of 

edge beads, the substrate can be rapidly accelerated to high spin speeds in a short-duration 

step called kick-off, which throws off remaining resist at the edges while the already dried 

resist at the sample centre remains unaffected. 

 

2) Pattern generation: Sample treatment, exposure and development 

The pattern generation step refers to the structuring of the photoresist layer into the desired 

3-dimensional shape that is required for subsequent additive or subtractive processes (pattern 

transfer). It can be subdivided into three parts, namely sample treatment, exposure and 

development. 

The sample treatment generally aims to support and improve the conditions of the 

photochemical reaction to achieve a more uniform, precise and reproducible pattern. An 

initial dehydration delay and soft bake on a hotplate after the photoresist deposition promotes 

solvent evaporation and densification of the resist layer. This reduces the spacing between 

diazo-functionalised PAC [442] and sensitiser within SPR220, thereby promoting a more 

complete photoreaction with higher contrast and sharper structure definition. According to 

the vendor, rehydration delays before and after exposure are necessary to absorb water 

molecules, which was essential to complete the photoreaction [443]. Beyond, the post-

exposure delay was necessary since gaseous N2 generated upon exposure [443] has to slowly 

evaporate to avoid the formation of bubbles, which are commonly observed if the resist is 

baked right after exposure. This leads the author to believe that the underlying photoreaction 

of SPR220 is a Wolff rearrangement, in which a hydrophobic diazoketone is converted into 

a hydrophilic carboxyl group in a two-step reaction6 [444], see Figure 4.3. This would be in 

line with SPR200 being a positive tone resist whose exposed areas become soluble in the 

aqueous developer CD-26 [445], see Figure 4.1. The post-exposure bake is commonly 

employed to promote diffusion of the products of the photoreaction, thereby smoothening 

the concentration profile to result in steeper and smoother sidewalls upon development. 

 

 

 

6 Further reaction to form an alkyl group under release of gaseous CO2 as shown in Figure 4.3 is not expected 

for SPR220 as the exposed areas would become hydrophobic i.e., insoluble in the aqueous developer CD-26. 
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Figure 4.3: Suspected photoreaction of the commercial SPR220-Series photoresist [439] 

according to the Wolff rearrangement. In a first irreversible step that is activated by 

exposure to light, the diazoketone-containing PAC is converted into a ketene under release 

of a N2 molecule. In the second step involving a nucleophilic attack by a water molecule, 

this ketene is converted into a highly hydrophilic carboxyl-group (-COOH). The last step 

forming an alkyl group under CO2 release is not expected for SPR220 6. Adapted from [446]. 

 

Exposure of the photoresist is commonly achieved through a photomask. The photomasks 

employed in this work were 2.29 mm thick quartz substrates with a reflective chromium 

layer of the desired 2D pattern at the substrate-facing side. The minimum feature size was 

1 µm with a critical dimension tolerance of ± 0.15 µm. In addition to the photomask itself, 

the type and configuration of exposure is critical to the obtainable feature sizes. Projection 

lithography offers a resolution R ∝
λexp

NA
 [436] down to the diffraction limit, with NA being 

the numerical aperture of the extensive and expensive projection optics and λexp being the 

wavelength of light used for exposure. However, the fabrication requirements of this work 

allow for much simpler and cheaper exposure in hard contact, with a resolution of down to 

0.5  µm using the Karl Suss MicroTec Mask Aligner MA6. Both mask and coated substrate 

were affixed using vacuum. The lateral alignment process was simplified since the 

metasurfaces were fabricated in a single-step process, meaning that only rough alignment of 

the pattern with the substrate extent was necessary. The exposure dose is given by the 

vendor, see Figure 4.2, usually within a large process window to ensure reproducible results. 

Finally, the development of the exposed photoresist is, once optimised, typically a 

straightforward process with reasonably large process window at the structure sizes required 

in this work. However, attention and strict adherence to safety protocols must be maintained 

upon immersion of the samples within the developer CD-26 since its active component 

tetramethylammonium hydroxide strongly affects nerves and muscles upon exposure [445]. 
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3) Pattern transfer: Additive or Subtractive 

Once the photoresist layer has been patterned according to the design on the photomask, it 

can act as a local mask in the pattern transfer step. Most of the processing variability and 

versatility of photolithographic patterning is encountered at this step, such as (an-)isotropic 

wet (dry) etching, surface functionalisation or oxidation, ion implantation, electroplating, 

lift-off and micromolding, to name a few. Complex 3D systems such as transistors and 

integrated circuits can be built by repeated stripping and reapplying photoresist for the next 

pattern transfer step, thereby buiding one layer after the other. 

 

4) Resist stripping: Solution- and Plasma-based 

Most photoresists can be simply removed by prolonged immersion into a stripper solution, 

ideally at elevated temperatures and under agitation. In this work, SVC 14 was used to strip 

the SPR220.7 layers after the Bosch etch [447]. However, the prolonged dry etch in fluorine-

containing plasma created an insoluble layer on top of the photoresist, which had to be 

removed by ashing in oxygen plasma prior to wet-chemical stripping. Plasma-based ashing 

is an unfavourable alternative to solution-based stripping for the complete resist removal due 

to long process times, strong substrate heating, harsh oxidative sputtering condition and the 

inability to remove some ion-based residues inherent to this process. For completeness, it 

should be mentioned that some negative tone photoresist are permanent and cannot be 

stripped, such as SU-8 [448]. 

 

4.2.3 Deep Reactive Ion Etching into Silicon (Bosch process)  

Selective etching of material that is not covered by the photoresist is one of the fundamental 

subtractive pattern transfer processes involved in microfabrication. A distinction is typically 

made between wet etching, which uses chemical solutions to provide mostly isotropic etch 

rates in all directions, and dry etching, which employs a plasma of directed (reactive) ions 

to etch anisotropically along the surface normal. The vertical, high aspect-ratio surface 

profiles that can be obtained by dry etching are of great technological importance for 

applications in micro-electro-mechanical systems (MEMS) [449-452], integrated photonics 

[453, 454], special (X-ray) optics [435] and many more. The general outline of the setup 

employed for dry etching in this work (PlasmaPro 100 Estrelas, Oxford Instruments) is 

summarised together with illustrations of commonly observed etch effects in Figure 4.4. 
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Figure 4.4: (a) Schematic of the process chamber for ICP-DRIE with its important 

components. (b) Illustration of various factors that cause deviations from ideal, vertical 

sidewall profiles, such as (left) ion angular distribution (IAD) and (right) image force (IF), 

which cause negative tapering of the etch profile. (c) The effect of ARDE is manifested in 

decreasing etch depths (235 µm – 150 µm) for smaller openings (20 µm – 5 µm). Fewer 

reactive ions reach the etch floor due to shadowing by the top surface (IAD), resulting in 

slower etch rated and the observed RIE lag. (a) adapted from [455], (b) adapted from [456], 

(c) adapted from [435]. 

 

The sample to be etched is fixed within the vacuum chamber on a holder that is cooled by 

helium. Cooling is necessary to maintain high etch selectivity between photoresist and 

silicon and to avoid burning the resist layer. Multiple gas inlets at the top supply the chamber 

with a well-maintained flow of process gasses and mixtures thereof i.e., O2, SF6, C4F8, while 

the chamber is continuously evacuated from the outlet below the sample holder to remove 

reacted material and gasses. The inductively coupled plasma (ICP) is generated in the upper 

section of the chamber. The energy to ionise gas molecules is delivered by a strong, 



72 

 

 

 

oscillating magnetic field generated by the ICP coils with the ICP power source operating at 

radio frequency (typically 13.56 MHz). A second, frequency matched power source is 

capacitively coupled to the sample holder, henceforth called CCP source, to control the 

electric field between plasma and sample [456]. 

Within the plasma, electrons move substantially faster than ions due to their drastically lower 

mass, which results in many electrons reaching the grounded chamber walls and sample 

holder (RF electrode), thereby leaving behind a net positively charged plasma. The sample 

holder acts hereby as a capacitor, being a short circuit for the AC field of the ICP generator, 

yet an open circuit for the DC field built up by the electrons impinging from the plasma. 

This creates a large DC self-bias, controllable via the CCP source, which attracts the 

positively charged ions within the plasma towards the sample on the sample holder 

(cathode). This acceleration of ions towards the sample is the origin of the extremely 

directional bombardment with ions and in turn the anisotropy of etch rates. 

In summary, the ICP source controls the generation and flux of ions and radicals i.e., etch 

rate, while the CCP source independently controls the acceleration and directionality of ions 

towards the sample surface i.e., impact energy and ion angular distribution (IAD). 

Figure 4.4 (b) illustrates a range of common deviations from a perfectly vertical etch profile. 

The ions incident to the sample possess a small lateral velocity stemming from collisions 

within the plasma and dark space, which is described as Gaussian shaped IAD of the incident 

ions. The IAD’s variance (𝜎2) can be somewhat controlled by the acceleration voltage 

towards the sample (CCP source) and the chamber pressure but will never reach perfection 

i.e., a delta function. As a result, insufficiently protected sidewalls can exhibit a respective 

negative tapering. Furthermore, the etch floor of small openings is increasingly shadowed 

by the top surface upon increasing etch depths compared to large openings, leading to 

decreased ion flux and thereby etch rate, see Figure 4.4 (b), (c). This effect, known as ARDE 

or RIE lag [435, 456, 457], results in lower etch depths for smaller openings and will be 

further investigated in Section 4.4 as the fabrication error of main concern to the intended 

operation of the fabricated metasurfaces. On the other hand, large openings often exhibit an 

increasingly negative tapering at large etch depth due to the image force effect. As discussed 

above, the sample holder and the sample are negatively charged. Consequently, positive ions 

will be attracted towards the negatively charged sidewalls and thereby widen the opening 

upon increasing etch depths. 
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The Bosch process addresses the need to inhibit slow lateral etching of the sidewalls in order 

to achieve – and maintain – excellent sidewall verticality over an etch depth of up to several 

hundred micrometres [457]. The underlying mechanism is the cyclic repetition of two steps, 

as shown in Figure 4.5 (a) and (b).  

 

 

Figure 4.5: The Bosch process employed in this work is a cyclic two-step process consisting 

of (a) the passivation step, in which a protective fluoropolymer film is isotopically deposited, 

and (b) the directional etching step, in which fluoropolymer and silicon are removed at the 

bottom of the etched trenches. The horizontal etch rate at the sidewalls remained too slow 

to break through the protective polymer film, thereby preventing a negative taper. The 

resulting (c) deep etch profiles with high sidewall verticality show (d) a scalloping effect at 

their sidewalls as a result of the cyclic etch process. Adapted from [458]. 
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In the passivation step, C4F8 gas chemistry is employed to evenly deposit a protective 

fluoropolymer over all surfaces, including the sidewalls. The polymer is formed in a free 

radical polymerisation sustained from plasma-generated radicals. Crucially, this polymer is 

chemically inert to the etchant and forms a dense film. 

The subsequent etch step employs predominantly SF6, which is partially split into free 

fluorine F∙ and heavier SFx (x ≤ 5) radicals and ions. The SFx ions act mostly by sputtering 

the fluoropolymer and silicon surface via ion bombardment due to their high impulse upon 

impact. The high directionality of these ions means that fluoropolymer is mostly removed at 

the top surface (photoresist) and etch floor, leaving the fluoropolymer at the sidewalls 

relatively unaffected. Consequently, the protective fluoropolymer will be completely 

removed at the etch floor after a certain etch time [459, 460], leaving the exposed silicon to 

adsorb and react with fluorine radicals and ions according to Eq. (4.1). 

 𝐒𝐢(𝐬) + 𝟒𝐅(𝐠) → 𝐒𝐢𝐅𝟒(𝐠) (4.1) 

The formed SiF4 is a gaseous molecule that desorbs away from the etched surface and is 

ultimately evacuated from the etch chamber. Notably, the etch reaction of Eq. (4.1) itself is 

isotropic for unprotected silicon surfaces. This leads to a rounded volume of etched material 

in each cycle that results in slight scalloping of the sidewall profile, see Figure 4.5 (d). The 

periodicity and lateral extend of these scallops are typically in the sub-micrometre range, 

thereby insignificant compared to the operating wavelength of the metasurfaces (118.8 µm). 

At last, it shall be pointed out that all mentioned process parameter i.e., the mixture of 

process gases and individual flow rates, ICP and CCP power, durations of deposition and 

etch step, etc., have to be precisely optimised and continuously adapted to achieve and 

maintain a good etch profile with high sidewall verticality over large etch depths. 

 

4.3 Optimised Process Sequence 

Inexpensive and readily available intrinsic silicon (high resistivity > 10’000 Ωcm) was used 

as substrate (25 mm × 25 mm, 535 µm thick) into which the active metasurface layer was 

etched monolithically in a single-step photolithographic process. The flow-chart in  

Figure 4.6 shows the sequence of fabrication steps required to realise the silicon 

metasurfaces. As highlighted in the chart, some fabrication steps could be repeated without 

losing the substrate (red and yellow arrows), for example in case of an unsatisfactory 

deposition, exposure or development of the resist film. Beyond this, several feedback-loops 
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allowed for fine adjustments that ensured close agreement to target specifications i.e., WLI 

inspection with the option for a follow-up fine etch, as will be discussed in Section 4.4.2. 

The substrates were sequentially cleaned for 5 min each in warm acetone (50 °C), 

ultrasonically agitated acetone (ca. 20 °C), ultrasonically agitated methanol (ca. 20 °C), 

ultrasonically agitated isopropanol (ca. 20 °C) and ultrasonically agitated de-ionised water 

(ca. 20 °C) before being blow-dried in a nitrogen stream. The cleaned substrates were then 

dehydrated in an oven for at least 30 min at 180 °C in order to remove adsorbed water from 

the silicon surfaces, which improved the adhesion of subsequently applied (organic) resist. 

The dehydrated substrates were transferred directly from the oven to the spin coater (model 

PWM32 Series photo resist spinners, Headway Research Inc.), covered with primer solution 

(MCC80/20) and soaked for 20 s before the spin program 1 of Appendix D was started. After 

the first spin program terminated, a 20 s delay was introduced to fill the next pipette with 

negative tone SPR220.7 photoresist and select program 2 of Appendix D  on the spin coater. 

Then, the photoresist SPR220.7 was applied generously in a circle around the centre of the 

square substrate, taking good care not to introduce any air bubbles (they can be removed by 

sucking them back into the pipette). The spin program 2 was started immediately after the 

substrate was covered with resist and finished with an edge bead removal step. 

After the spin program 2 terminated, the coated substrates were delayed for 30 min in a 

humidity-controlled room to allow for solvent evaporation. In the meantime, two watch glass 

for each coated substrate were placed in an oven at 90 °C. 

The coated substrates were subsequently transferred on to a hotplate at 118 °C for 90 s with 

vacuum-supported thermal contact for their soft bake, after which they were transferred to 

the 90 °C warm watch glass to ensure a slow cool down to ambient temperature, thereby 

avoiding thermal stress in the resist layer. A subsequent rehydration delay of at least 60 min 

was given in a humidity-controlled room. 

The subsequent exposure was conducted through a chromium photomask containing the 

metasurface pattern (pillar top surface covered with Cr) in hard contact for 22 s at 

7.3 mW/cm2 lamp power (i-line) using a mask aligner (Mask Aligner MA6, Suss MicroTec). 

Another delay of at least 60 min in a humidity-controlled room was conducted to ensure a 

completed photochemical reaction within the resist layer, which required rehydration and 

loss of nitrogen. 
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Figure 4.6: Flow-chart of the optimised fabrication sequence including feedback loops and 

routes to recycle the substrate in case of unsatisfactory quality (red and yellow arrows). 

 

For the subsequent post-exposure bake, the substrates were again transferred on to a hotplate 

at 118 °C for 90 s with vacuum-supported thermal contact and then slowly cooled down on 

the second 90 °C warm watch glass. 

A further 20 min delay allowed the baked substrates to cool down prior to their development, 

thereby avoiding thermal shock that can cause resist delamination. 

The substrates were developed for 2 min in CD-26 developer under slight agitation, after 

which they were rinsed in de-ionised water for 5 min and blow-dried in nitrogen stream. 

Optical inspection with a microscope ensured that the resist was either fully developed 

throughout the substrate or developed for further 30s until full development was observed. 



77 

 

 

 

Insoluble residues within the developed areas of the substrates were subsequently removed 

in O2 plasma for 2 min at 100 W (ET340 RF Asher, PlasmaFab Barrel). 

The substrate with developed resist pattern was fixed with up to two other patterned 

substrates on to the centre of a 6-inch carrier wafer (Si with 5 µm thermal oxide) using 

Santovac 5 vacuum oil [461] as adhesive. The subsequent ICP-DRIE Bosch process 

(PlasmaPro 100 Estrelas, Oxford Instruments) employed C4F8/SF6 plasma chemistry [435, 

456, 457], with the exact parameters summarised in Appendix E. 

As will be described in Section 4.4, the average etch depth could be measured without the 

need to strip the photoresist, allowing for resubmission of partially etched samples to a final 

etch run. Once the targeted etch depth of 150 μm ± 5 μm was achieved, the samples were 

ashed in O2 plasma for 4 min at 150 W to remove the highly fluorinated top layer of the 

photoresist, which was insoluble in the SVC-14 stripper solution. 

Finally, the samples were stripped overnight (24 h) in SVC-14 at 80 °C under mild agitation 

until complete resist removal was confirmed with an optical microscope. In case of stubborn 

residues, further O2 plasma etching was conducted until the fabricated metasurface was free  

from resist residue. 

The quality of fabricated metasurfaces was then assessed as described in Section 4.5. 

 

4.4 Process Control using White Light Interferometry 

In order to develop a fabrication process that would consistently, reliably and repeatably 

deliver metasurfaces within the dictated specifications, the principles of process control were 

applied. Process control is a concept in industrial manufacturing that aims to monitor and 

adjust process variables to achieve and maintain the targeted output specifications. As such, 

process control systems aim to maintain product quality, improve performance and reduce 

the loss of material, products and components. The fundamental building block of any 

control system are control loops, which monitor a single process variable. Together with a 

developed control model that describes the impact of the monitored process variable on the 

output specification, a feedback can be given that adjusts the process to deliver the targeted 

output specification. 

This section shows how white light interferometry (WLI) can be utilised within a control 

loop to achieve process control over the optical performance of the produced metasurfaces, 

as summarised in the flowchart of Figure 4.7. In the control loop, the etch depth (process 
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variable) was measured and statistically averaged over large areas using WLI. Knowledge 

of this process variable allowed for the estimation of the optical performance deviation 

(phase shift and transmission) by using the simulation results of Section 3.2 within a control 

model. The acceptable etch range was consequently set to 150 µm ± 5µm (target output). 

Samples that were not etched deep enough were resubmitted to a fine etch with an adjusted 

number of remaining Bosch cycles according to the measured etch depth (feedback and 

adjustment). This enabled the accurate and reproducible fabrication of monolithic 

metasurfaces while keeping the detrimental effect of ARDE on the optical performance 

within specified limits. 

 

 

Figure 4.7: Schematic of the process control developed in this section to ensure that the 

Bosch etch process delivered metasurfaces with good optical performance. 

 

4.4.1 Introduction to White Light Interferometry 

The metrology tool employed for the measurement of the metasurface’s topology 

(ContourGT-X 3D Optical Profilometer, Bruker Corp.) was based on WLI. WLI is a non-

contact optical method to measure 3D structure with structure heights varying from a few 

nm to a few cm. 

As shown in Figure 4.8 (a), the outline of such a setup is largely similar to a standard optical 

microscope. A coherent light source is collimated and focussed by the objective lens on to 

the object plane. Light reflected by the object is recollimated by the objective and imaged 
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on to the camera sensor by the tube lens in an infinity-corrected configuration i.e., collimated 

beams are magnified independent of the distance between objective lens and tube lens. 

 

 

Figure 4.8: (a) Schematic illustration of a 3D optical interferometer based on WLI with 

Michelson interferometric objective. (b) Intensity pattern of the interference fringes near 

focus (interferogram) as observed by the image sensor. By scanning the objective along the 

z-direction, each pixel records (c) a correlogram whose width is given by the source’s 

coherence length. (d) The 3D surface profile is determined pixelwise  from the modulation 

peak position of the correlogram’s envelope function. Image data adapted from [462]. 

 

The two major differences between WLI compared to a classic microscope are that i) special 

interferometric objective lenses are used and that ii) the objective lens can be scanned along 

the optical axis (z-direction) towards the object under investigation with high precision 

piezoelectric actuators. 

Interferometric objective lenses include a beam splitter that introduces a reference beam path 

in addition to the measurement beam path of a normal microscope, with both beams 

recombined after they reflect off the object surface and reference mirror, respectively. The 

superimposed measurement and reference beams only create an interferogram on the camera 

sensor if the optical path length of both beams differ by less than half the coherence length 

L𝑐 of the source, see Eq. (4.2). The detected interferogram, see Figure 4.8 (b), contains 
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spatial information on the object topology that was imprinted on to the phase front of the 

measurement beam upon reflection. 

Consequently, the objective can be scanned along the optical axis (z-direction) to obtain  

individual correlograms for each pixel that correspond to a certain x-y position on the object. 

The correlograms, shown in Figure 4.8 (c), describe the detected intensity as a function of 

the z-coordinate I(z) according to Eq. (4.3) [463]. 

 
𝐋𝐜 = 𝐂

𝛌𝐜
𝟐

𝐧 ∙ 𝚫𝛌
 

(4.2) 

 
 𝐈(𝐳) = 𝐈𝟎 (𝟏 + 𝐞𝐱𝐩 [−𝟒(

(𝐳 − 𝐳𝟎)

𝐋𝐜
)

𝟐

] 𝐜𝐨𝐬 (𝟒𝛑
𝐳 − 𝐳𝟎
𝛌𝐜

−𝛗𝟎)) 
(4.3) 

Hereby, 𝜆𝑐 describes the central wavelength, Δλ the spectral bandwidth, 𝑛 the RI of the 

surrounding medium and 𝐶 ≈ 1 is a constant, while 𝐼0 is the maximum detected intensity 

and  𝜑0 is a constant phase gap between the modulation peak position and the central bright 

fringe of the interference pattern. The modulation peak position is defined as the centre of 

the envelope function (exponential term in Eq. (4.3)) at which the optical path lengths of 

measurement and reference beams are equal. The z-position of the piezo-actuator that 

corresponds to this modulation peak position is saved for each pixel into a 3D topology 

matrix, with rows and columns corresponding to the respective (x, y) positions of the pixels. 

Figure 4.8 (d) illustrates this 3D topology matrix in the vendor’s analysis software Vision64. 

Notably, this metrology technique allowed for fast and accurate data collection over large 

sample areas since the measured interference signal is not affected by magnification or 

numerical aperture, but rather by the central wavelength and spectral width. The entire object 

plane is captured at once for each z-plane, meaning that a large FOV can be measured 

without affecting the acquisition speed, while the vertical accuracy of the measured z-

position is mainly depending on the accuracy of the piezoelectric actuator. The vendor’s 

specifications for lateral and step height accuracy are < 0.38 µm and < 0.75 % (< 1.15 µm 

at 𝐻=150 µm), thereby well within the needs of this work [464].  

Crucially, measurements do not require stripping of the resist and even allow for its thickness 

determination. During the z-scan, two sets of fringes appear at the resist-covered areas. The 

first fringe stems from the air-resist interface, the second from the mirrored reflection of air-

resist interface - not to be mistaken for the resist-silicon interface. The resist thickness is thus 

half the z-separation between the two sets of fringes. The measured surface profile must be 

corrected by adding this resist thickness to the resist-covered areas [462]. 
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4.4.2 Etch Depth Deviation – Statistical Analysis and Impact on Performance 

As explained in Section 4.2.3, the absence of an etch-stop layer within the monolithic silicon 

substrates resulted in slight local deviations of the etch depth as a function of the open area 

between neighbouring pillars, which is known as ARDE [435, 456, 457]. To ensure that the 

intended etch depth of 150 µm has been achieved and properly assess the impact of the etch 

depth deviation on the metasurface’s optical performance, one must 

i) define and measure a statistically relevant average for the etch depth H̅ of a metasurface 

including its standard deviation σH (process variable) 

ii) gauge the impact on the optical performance caused by deviations from the ideal etch 

profile (control model). 

Additionally, the ability to resubmit a measured sample to a follow-up fine etch is highly 

desirable to achieve the closed feedback loop shown in Figure 4.7.  

Figure 4.9 (a) shows the measured surface profile of the metasurface employed in the 

imaging experiments of Sections 5.4.4 and 5.4.5 after 152 etch cycles of sub-recipe 1 and 2 

each (see Appendix E) with photoresist still atop the rectangular pillars. The measured 3D 

profile was converted into a histogram over the etch depth to obtain quantitative metrics in 

Figure 4.9 (b). Two peaks are clearly visible: A very sharp peak at ca. 122.5 µm 

corresponding to the pillar’s top surface (orange areas) and a broader peak at ca. 5.5  µm that 

corresponded to the etch floor (cyan areas) in Figure 4.9 (a), respectively. The Gaussian 

shape of the peak can be explained by a curved etch floor stemming from IAD, whereas the 

pillar surface was expected to be close to a delta function due to the ultra-flat silicon substrate 

employed. The respective centre peak positions zpillar, zfloor and standard deviations σpillar, 

σfloor were obtained from Gaussian fit data. The average etch depth H̅ and its standard 

deviation σH are consequently obtained with Eq. (4.4) and (4.5), respectively. 

 �̅� = |𝐳𝐩𝐢𝐥𝐥𝐚𝐫 − 𝐙𝐟𝐥𝐨𝐨𝐫| (4.4) 

 
𝛔𝐇 = √𝛔𝐩𝐢𝐥𝐥𝐚𝐫𝟐 + 𝛔𝐟𝐥𝐨𝐨𝐫𝟐 ≈ 𝛔𝐟𝐥𝐨𝐨𝐫 (≫ 𝛔𝐩𝐢𝐥𝐥𝐚𝐫) 

(4.5) 

The resist-corrected etch depth in Figure 4.9 was measured to (a), (c) 123.5 µm with a 

standard deviation of ± 4.4 µm (± 3.6 % of H̅) at the central region and (b), (d) 128.0 µm 

± 2.8 µm (± 2.2 % of H̅) at the edge region of the metasurface. Notably, the edge region 

exhibited a slightly deeper yet more uniform etch depth, presumably due to loading or 

heating effects [458] and the more uniform pillar geometries, respectively. An additional 3rd 

peak was observed at a high depth in (d), which stems from the 100 µm wide opening in (b). 
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This outer ring (blue area) around the metasurface pattern clearly exhibited the impact of 

severe ARDE compared to the etch floor of the metasurface pattern. 

 

 

Figure 4.9: 3D surface profiles measured with WLI (a) at the central region and (b) at the 

edge region of the metasurface after 152 etch cycles of sub-recipe 1 and 2 (see Appendix E). 

(c), (d) Histograms (1’000 bins) of the etch depths (z-dimension) extracted from the 3D data 

of (a), (b), respectively. 

 

Overall, the metasurface was found to be insufficiently etched by ca. 24.3 µm and was 

therefore resubmitted to a follow-up etch of 70 cycles with sub-recipe 3, taking advantage 

of gained sample information within the feedback loop. 

Comparing the results of Figure 4.9 with Figure 4.10, one can see that the additional 70 etch 

cycles resulted in ca. 22.7 µm increased etch depth, amounting to an average etch rate of ca. 

0.32 µm/cycle. The etch depth at the centre (146.0 µm) and edge (150.8 µm) were close to 

their target (150.0 µm ± 5 µm), while their respective standard deviations increased slightly 

to ± 5.1 µm (± 3.5 % of H̅) and ± 4.6 µm (± 3.1 % of H̅). This was expected since the 

impact of ARDE only increases with the etch depth, thereby leading to a more spread-out 

peak for the etch floor. It shall be emphasised that the presented measurement methodology 
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represented a fast, accurate, and clearly defined way to measure the etch depth and its 

deviations averaged over large, hence statistically meaningful areas. The ability to measure 

samples without stripping the protective photoresist allowed hereby for a valuable feedback 

loop of intermediate measurements and informed follow-up etching. Thanks to all this, 

accurate etch depths within a few percent of their target value were achieved while the 

detrimental effect of ARDE was confined to σH ≈ ± 5 µm. 

 

 

Figure 4.10: Repeated etch depth measurements of Figure 4.9 after additional 70 etch cycles 

of sub-recipe 3, see Appendix E. (a) 3D topology at the central region and (b) at the edge 

region of the bi-axicon metasurface employed for polarimetric imaging in Section 5.4.4 and 

Section 5.4.5. (c), (d) respective histogram (1’000 bins) over the etch depth (z-dimension). 

 

Beyond numerical values, the obtained measurement results allowed for a better 

understanding of the factors influencing both the formation of ARDE and the spatial 

distribution of the etch depth deviations. Figure 4.11 (a) shows an adapted version of Figure 

4.10 (a) that zoomed in on the etch floor to reveal concentric circular areas that were etched 

too deep and too shallow in a radially alternating manner. Wherever the radially symmetric 

phase profiles of Eq. (5.1) required pillars with large diameters and/or rotation angles that 
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resulted in narrow spacing towards neighbouring pillars, we observed a too shallow etch 

depth due to ARDE. On the other hand, wherever the pillar diameters were small and/or their 

edges were parallel to neighbouring pillars, we observed a large spacing between pillars that 

lead to a too deep etch due to ARDE. It was therefore apparent that this spatial pattern of the 

etch depth deviation had been distinctly influenced by the spatial distribution of pillar sizes 

and rotation angles, which in turn was defined by the chosen phase profiles. 

 

 

Figure 4.11: (a) Adapted surface profile of Figure 4.10 highlighting the height deviations at 

the etch floor. By combining results of the etch depth deviation with simulation results of 

Section 3.2, a control model was created to estimate the impact of the etch deviation on the 

optical performance of comparable metasurfaces. This is shown for (b) the x cross-section 

of two axicon phase profiles 𝜑𝑎𝑖𝑚,𝑥,  𝜑𝑎𝑖𝑚,𝑦 (black datapoints incl. linear fit) including 

respective error bands for the phase deviation caused by a deviating etch depth of ± 5 µm 

(±𝜎𝐻, green band) and ±10 µm (±2𝜎𝐻, red band) for the metasurface with linear OPB 

shown in Figure 5.2 (d)-(f) and Figure 5.3 (b), (d). 

 

Knowing the values that are typically encountered for etch depth deviation in practice 

allowed for the creation of a control model to estimate the impact of these fabrication 

tolerances on the optical performance. Figure 4.11 (b) shows this by introducing error bands 

to the x cross-section of the phase profiles corresponding to ±σH (± 5 µm, green band) and 

±2σH (±10 µm, red band). As discovered previously in Section 3.2, the detrimental impact 

on the transmitted phase front grows linearly with the etch depth with an average slope of 

approx. 4.6 º/µm. Consequently, the average phase deviation σφ can be estimated to approx. 

∓23º for ±5 µm, which should still have only limited impact on the optical performance. 

Hereby, small deviations of the average etch depth H̅ from the target value (150 µm) impact 
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the optical performance more uniformly and less severely than respective values of the etch 

depth deviation σH, while the transmission efficiency was found to be virtually unaffected by either. 

We can hence conclude that process control over the etch depth of monolithically etched silicon 

substrates was demonstrated. The quality of all fabricated metasurfaces relevant to this work 

assessed by WLI are summarised in Section 4.5.1. 

 

4.5 Assessment of Fabricated Structures and Metasurfaces 

Once a reliable and repeatable fabrication process was developed, several metrology tools 

were employed to assess the metasurfaces once the fabrication had been completed and the 

resist removed. Besides WLI, described in detail in the previous sections, a scanning electron 

microscope was used to assess the structure definition, the verticality of the sidewall profile 

and roughness of the etch. Finally, a great amount of information on the fabricated 

metasurfaces could be gathered even by a mere visual inspection. The next Sections will 

explore the data obtained on the metasurfaces prior to optical experiments in more detail. 

 

4.5.1 Etch Depth Assessed via White Light Interferometry 

The statistics of the etch depth of every metasurface were measured and analysed at both the 

central and edge regions one more time once the fabrication was completed and the 

photoresist was stripped, using the same methodology described in the previous 

Section 4.4.2. These results are summarised in Table 4.2 for the metasurfaces employed in 

the experiments of Chapter 5 and Chapter 6. 

 

Table 4.2: Summary of the average etch depth and its standard deviation (�̅� ± 𝜎𝐻) for the 

fabricatied metasurfaces selected for optical experiments. 

Metasurface 

Bi-Axicon 

OPB: |R⟩,↔ |L⟩ 
Used in Sections 

5.4.2 and 5.4.3  

Bi-Axicon 

OPB: |R⟩ ↔ |L⟩ 
Used in Sections 

5.4.4 and 5.4.5 

Meta-Polarimeter 

OPB: |R⟩ ↔ |L⟩,  |D⟩ ↔ |A⟩, |H⟩ ↔ |V⟩ 
Used in Section 6.4 

Central region 143.6 µm ± 3.4 µm 148.1 µm ± 4.4 µm 148.4 µm ± 4.6 µm 

Edge region 144.4 µm ± 3.6 µm 152.3 µm ± 4.1 µm 155.1 µm ± 6.3 µm 
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The general trend confirmed a consistently deeper etch at the edge region compared to the 

sample centre by ca. 0.6 µm to 6.7 µm, which was particularly high for the “Meta-

polarimeter” employed in Section 6.4. The average etch depth of the bi-axicon employed for 

sensing was too shallow by ca. 6.0 µm (- 4 %). However, this resulted in a mostly systematic 

error on the encoded phase functions since all pillars were too shallow, hence unanimously 

exerted less phase shift than intended. As discussed in Section 4.4.2, the deviation of the 

etch depth 𝜎𝐻 and its spatial distribution had a much more significant impact on the phase 

error since it caused both too much and too little phase shifts depending on the location on 

the metasurface. Generally, a chaotic and rapidly changing (high spatial frequency) 

distribution of the phase error (thereby σH) was expected to be more detrimental to the device 

performance than a systematic, continuously distributed one. Hence, the spatial distribution 

of the etch depth deviation has to be taken into account, see Figure 4.12 and Figure 4.13. 

 

 

Figure 4.12: 3D surface profiles measured with WLI highlighting the etch depth deviations 

𝜎𝐻 (colour code) of the etch floor around pillars (black). (a) Large-area measurement 

(0.55x) of the central region and (b) at the edge region. The white rectangle in (a), (b) 

represents the (c), (d) zoomed-in (2x) surface profiles of the two respective regions. 
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The large area measurements of Figure 4.12 (a), (b) confirmed the centrosymmetric pattern 

of the etch depth deviation for bi-axicon metasurfaces, which was already observed in Figure 

4.11. The constant radial spacing of the depth deviation coincides with the Fresnel zones of 

the underlying phase profiles, proving their correlation. Interestingly, too deep and too 

shallow regions were alternating along each centrosymmetric line as the imposed phase shift 

– thereby pillar’s rotation angle 𝜃, see Eq. (3.4) and Eq. (5.1) – remained constant along such 

concentric paths, see Figure 4.12 (c), (d). The depth deviation is hence uniformly and 

continuously distributed along the equi-phase lines of the metasurface and should hence 

impact the optical performance even less than expected. 

 

 

Figure 4.13: 3D surface profiles measured with WLI highlighting the etch depth deviations 

𝜎𝐻 (colour code) of the etch floor around pillars (black) for the fabricated metasurface 

polarimeter. Zoomed-in measurement (2x) of the (a) central region and (b) at the edge 

region. A different linear-symmetric metasurface without pillar rotation showed more severe 

etch depth deviations (c) at its centre but not (d) at its edge region. 

 

On the other hand, the metasurface polarimeter in Figure 4.13 (a), (b) showed a more chaotic 

etch depth deviation as result of its interleaved design (see Section 6.2) that introduced a 
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high spatial variability of pillar dimensions (Wx, Wy, θ). Nevertheless, the majority of the 

metasurface is etched rather uniformly, with outliers observed whenever particularly large 

or small neighbouring pillar dimensions are observed. Consequently, the overall phase error 

and impact on the optical performance remains generally limited with the occasional 

exception for individual pillars. This is preferable over designs with low symmetry and 

slowly changing spatial variability of pillar dimensions (Wx, Wy, θ) e.g., the linearly-

symmetric metasurface without pillar rotation shown in Figure 4.13 (c), (d). The deviation 

of the etch depth is hereby much more pronounced (± 10 µm) and divided into distinct areas. 

We can hence conclude from this analysis that the spatial distribution of the etch depth 

deviation should further reduce the impact on the transmitted phase profile for both types of 

metasurfaces presented in this work. 

 

4.5.2 Structure Definition Assessed via Scanning Electron Microscopy 

WLI proved excellent at assessing the etch depth variation across a large metasurface. 

However, it could not provide information on the verticality or the roughness of the etched 

pillars, for which Scanning Electron Microscopy (SEM) was employed. SEM is an 

established metrology instrument when structure sizes down to a few nm have to be resolved 

[465]. Crucially, SEM employs a focussed beam of electrons to generate contrast from the 

sample interaction as opposed to traditional microscopic techniques, which employ 

electromagnetic waves. The working principle of SEM can be understood by inspecting 

Abbe’s Eq. (4.6), which describes how the absolute resolution 𝑑 is limited by the wavelength 

𝜆0,𝑒 and the numerical aperture 𝑁𝐴 of an optical setup [465]. The wavelength 𝜆0 is hereby 

an inherent property for photons, whereas it is a variable described by the de Broglie 

wavelength 𝜆𝑒 = ℎ/𝑝𝑒 for the propagating electron beam, with the Planck constant ℎ and 

the electron’s momentum 𝑝𝑒. The electron gun of an SEM generates and accelerates the 

electron beam with the acceleration voltage 𝑉𝑎. From equality of electric and kinetic energy, 

the wavelength of the electron beam can then be shown to be a function of this acceleration 

voltage 𝑉𝑎 in Eq. (4.7), with the electron’s mass 𝑚𝑒 and its elemental charge 𝑒. 

 
𝒅 = 𝟎. 𝟔𝟏𝟐

𝝀𝟎,𝒆
𝑵𝑨

 
(4.6) 

 
𝝀𝒆 =

𝒉

𝟐 ∙ 𝒎𝒆 ∙ 𝒆 ∙ 𝑽𝒂
 

(4.7) 
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Consequently, the acceleration voltage of the electron gun is an important parameter to 

achieve extremely high resolutions. Figure 4.14 describes the general outline of an SEM. 

The entire setup, including the conductive sample (intrinsic or Au coated), is situated within 

a high vacuum to minimise scattering of the electrons with gas molecules. 

The propagating electron beam is subsequently collimated and focussed by a set of magnetic 

lenses and apertures in a configuration that is comparable to optical microscopes or the WLI 

setup of Figure 4.8. However, the electron beam is additionally deflected into a scanning 

motion to achieve a reasonably large FOV on the sample surface despite the tightly focussed 

beam with a typical spot size of only 1 - 100 nm [465]. 

Analytical versatility is granted by a multitude of employable detectors e.g., secondary 

electron (SE) detector, back-scattered electron (BSE) detector, dark and brightfield detector, 

energy-dispersive X-ray (EDX) analysis, etc. The images shown within this work employed 

a SE detector, whose signal is obtained from low-energetic secondary electrons that are set 

free upon impact of the high-energetic primary electrons (beam) close to the sample surface. 

Consequently, SE detection was ideally suited for fast, high contrast images of the sample 

topology, thereby fitting the metrology requirements. 

 

 

Figure 4.14: Simplified schematic outline of a scanning electron microscope (SEM) with its 

fundamental components. Illustration reproduced from [466]. 
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Figure 4.15: SEM images of fabricated metasurfaces. (a) Frontal view of a metasurface 

showing a clearly defined rectangular pillar structure with sharp edges at (a) low and (b) 

intermediate magnification. (c) A zoomed-in  image of a tilted (60º) metasurface revealed 

no significant edge-rounding or resist-undercutting effects, and negligible  sidewall-

scalloping. (d) Increased sidewall roughness is shown at the bottom of the pillars. (e) The 

etch floor exhibited a curvature as expected. (f) Metasurface imaged in cross-section, 

revealing a near-perfect sidewall verticality of 88.5⁰-89.5⁰ (negative slope). 
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Figure 4.15 (a), (b) shows SEM images of fabricated metasurfaces in frontal view, exhibiting 

excellent structure definition of the rectangular pillars with sharp vertices that showed no 

noticeable rounding. No significant resist under-etching at the top surface, nor pronounced 

sidewall scalloping7 was observed in angled view (60º), see Figure 4.15 (c), (d), albeit some 

minor sidewall roughness was observed especially at larger etch depths. A cleaved region 

allowed for the observation of the etch floor in Figure 4.15 (e), confirming the curvature 

expected from IAD due to the absence of an etch-stop layer [435, 456, 457], which was also 

observed with WLI in Section 4.4.2. The sidewall verticality was measured at 90º 

observation angle to a near-perfect 88.5⁰-89.5⁰ in Figure 4.15 (f) that remained uniform over 

the entire 150 µm etch depth. 

It can hence be concluded that the obtained high resolution SEM images of the metasurfaces 

certify an excellent structure definition and sidewall profile, thereby confirming that the 

employed Bosch process was almost perfectly optimised. 

 

4.5.3 Defect Density Assessed via Visual Inspection 

Although optical microscopy was used for the fast inspection of the resist uniformity and 

assessment of its complete development, it did not provide any additional information 

compared to WLI, which additionally quantified the depth dimension, or SEM images, 

which provided higher magnification and resolution. It was thus preferred not to include any 

optical micrograph for brevity. This section will instead discuss the information that can be 

derived by a simple visual inspection of the metasurfaces. 

Strikingly, the metasurfaces exhibited bright interference colours that were influenced by 

the illumination and inspection angles, as well as the underlying phase functions i.e., Fresnel 

zones. Fabrication defects were therefore easily spotted as colour-deviations. Although this 

might be the simplest metrological technique imaginable, it allowed for the rapid and reliable 

assessment of medium to large defects over the entire metasurface at once, hence offering 

the advantages of simplicity, speed and a large FOV. 

 

 

 

7 Sidewall scalloping describes the sawtooth pattern of the sidewall caused by the cyclic etch and passivation 

steps of the Bosch process, which can be seen in Figure 4.5. 
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Figure 4.16: Photographs of the fabricated metasurfaces showing interference colours. 

(a1)-(a4) shows the two metasurfaces employed for (left) polarimetric imaging and (right) 

polarimetric sensing applications in Chapter 5, whereas (b1)-(b4) shows the metasurface 

polarimeter developed in Chapter 6. (a1), (b1) The intrinsic silver colour of silicon was 

observed upon close to normal incidence, which changed to (a2), (b2) red over (a3), (b3) 

green to (a4), (b4) blue for increasing angles of the incident light (see shadows). 
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Figure 4.16 shows a selection of images showcasing the described effects for (a1)-(a4) the 

Bessel metasurfaces used for (left) imaging and (right) sensing applications (Chapter 5) and 

(b1)-(b4) the metasurface used for polarimetric analysis (Chapter 6). It can be clearly seen 

that larger incident angles (see shadows) change the appearance from colourless over red to 

blue interference colours. Besides some insignificant scratches close to the edge caused by 

tweezer handling, all metasurfaces showed uniform and defect-free active areas albeit with 

some unavoidable dust-particles that were deposited post-fabrication and can be easily 

cleaned off. It can hence be concluded that the fabricated metasurfaces were of excellent 

visual quality with a few minor defects located at the far edges, where they should not have 

a measurable impact on device performance. 

 

4.6  Conclusion on the Fabrication of Monolithic Metasurfaces 

Within this chapter, the fabrication requirements for the previously designed metasurface 

optics based on monolithic silicon substrates were defined. After careful consideration, 

photolithographic processing with subsequent plasma-based DRIE was chosen as ideally 

suited fabrication technique to meet these requirements. The theory and the important 

parameters of the employed fabrication processes were explained step-by-step to provide the 

background knowledge necessary to understand the optimised process sequence. 

It was then pointed out that the absence of an etch-stop layer meant that ARDE lead to 

deviations of the etch depth, which were identified as a main cause of concern to the optical 

performance of the fabricated metasurfaces. In response to this, a process control 

methodology was developed based WLI to measure the etch depth over a large area. These 

measurements allowed for  statistically relevant quantification of the average etch depth and 

its standard deviation, as well as the qualitative assessment of the spatial distribution of the 

mentioned depth deviation. In combination with respective simulation results of Section 3.2, 

the expectable impact of these depth deviations on the optical performance was shown to be 

limited and systematic rather than chaotic. The possibility to conduct these measurements 

even with photoresist on top of the pillars established a feedback loop including the 

resubmission to fine tune the etching, thereby ensuring that the average etch depth was 

consistently close to its design value. 

SEM inspection found the structure definition and sidewall profile of pillars to be well within 

the desired, whereas inspection by the naked eye was sufficient to assess the overall quality 
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and defect density thanks to bright interference colours formed by the metasurfaces. The 

presented production of high-quality metasurfaces based on a novel monolithic fabrication 

process included the characterisation and assessment of important fabrication tolerances. 

The difficulties encountered upon monolithic production compared to a bi-layer substrate 

with etch stop layer [311] were far outweighed by several key advantages: 

 

1. Cost effectiveness: Bi-layer substrates are far more expensive than intrinsic silicon 

substrates, especially for the thick metasurface layers required at terahertz frequencies. 

This is due to additional processing steps for bi-layer substrates e.g., prolonged material 

deposition or thinning of the active silicon layer to the required thickness followed by 

wafer bonding or gluing to the substrate. Failed fabrication attempts constitute a 

considerable loss of investment for bi-layer substrates, but not for silicon substrates. 

 

2. Fabrication tolerances: While bi-layer substrates avoid etch depth deviations caused 

by ARDE thanks to their etch stop layer, they still possess height tolerances stemming 

from the silicon top layer. This top layer must be processed to the required thickness of 

the metasurface, which introduces thickness tolerances that are comparable to those 

encountered for monolithic metasurfaces due to ARDE – if not worse. Furthermore, 

over-etching with an etch stop layer is known to create other detrimental effects at the 

etch floor, such as lateral under-etching known as footing [467]. This footing effect 

would most likely impact the device performance more severely due to strong scattering 

at the substrate-pillar interface and can even lead to catastrophic failure by physical 

detachment of pillars. Furthermore, different thermal expansion coefficients of substrate 

and active layer might cause delamination because of the thermal stress at their interface 

under the high process temperatures encountered upon prolonged etching. Monolithic 

substrates do not possess such problems. 
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3. Optical performance: Amorphous materials like vacuum-deposited silicon or fused 

silica cause significant scattering of terahertz radiation, while impurities i.e., in silicon 

cause significant absorption. Hence, substrates that are intended to be efficient at 

terahertz frequencies should possess high purity and be monocrystalline e.g., intrinsic 

silicon and monocrystalline (z-cut) quartz (Qz). Such Si-Qz substrate would exhibit 

lower reflective losses at the air-substrate interface (transmission air-quartz ca. 70-73 % 

[125])  compared to monolithic silicon metasurface (transmission air-silicon ca. 46-50 % 

[125]). However, a simple and cheap anti-reflective coating (e.g., parylene) at the air-

substrate interface would overcome this drawback and reach even higher transmission 

than untreated Si-Qz substrates. Parameter sweep simulations comparable to Section 3.2 

were executed to assess the performance of such a Si-Qz metasurface. The Si-Qz 

metasurface showed a marginally increased and narrowed average transmission of 

91.6 % ± 4.6 % compared to the 86.9 % ± 6.4 % for a monolithic silicon metasurface. 

However, this did not take account to expectable detrimental effects like footing. Thus, 

a comparable or worse performance was expected for bi-layer Si-Qz substrates compared 

to silicon substrates. 

 

The production methodology presented in this chapter allows hence for an industry-

compatible, cost-effective and rapid production of terahertz metasurfaces on to cheap and 

readily available silicon substrates in a single lithographic step. 
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Chapter 5 : Beam Forming Metasurfaces for Sensing 

and Imaging Applications 

5.1 Motivation for Beam Forming Polarisation Optics 

The Terahertz spectrum has excellent prospects for imaging applications in quality assurance 

and NDT due to its high achievable resolution in the sub-mm range, low energetic impact  

(< 40 meV) and high transparency for a range of industrially important material classes such 

as polymer [19, 20], cardboard [11] and textiles [8, 9], which are opaque to most other 

spectral ranges. However, more specialised setups that target advanced imaging capabilities 

- such as the quantification of polarisation-dependent effects - commonly require more 

extensive and complex optical setups to form the (probe) beam incident on to the sample 

under test. Such complex optical setups are prone to absorption and alignment losses as well 

as detrimental standing wave and scattering effects - especially at terahertz frequencies. In 

combination with typically low source power and low sensitivity with high thermal noise 

upon bolometric detection at room temperature, one typically finds that a complex setup’s 

signal-to-noise ratio (SNR) falls below the level required for reliable operation. As a result, 

complex setups such as shown in Figure 5.1 (a) [358] are simply not feasible at terahertz 

frequencies with an approach based on classic optical components, although the generated 

probe beam would boast great potential as beam forming optics for the terahertz NDT 

imaging systems and polarimetric material analysis. 

In this context, metasurfaces are a revolutionary development in advanced optics due to their 

ability to combine the functions of multiple optical components into a single compact and 

highly efficient optical layer, which depends on intricate and clever design. This section will 

hence show how the beam forming capability of the yellow highlighted area in Figure 5.1 (a) 

could be integrated into a single metasurface layer shown in Figure 5.1  (b), thereby reducing 

the setup’s complexity and associated losses and in turn boosting the SNR into a workable 

range. This metasurface consequently unlocked the application of the generated probe beam 

for imaging and sensing experiments that would most likely have not been feasible with 

classic optics. The remainder of this chapter is organised as follows: 

The design of the developed beam forming bi-axicon metasurfaces will be introduced and 

explained in Section 5.2.1 together with an analytical model, both of which will be validated 

with numerical simulations of a large active area introduced in Section 3.4. Important design 
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parameters will be discussed with their underlying physics to describe the probe beam’s 

polarisation-dependent interactions with diverse materials, i.e.  dielectric, deattenuating and 

birefringent, thereby outlining its application for material identification and characterisation 

in sensing mode in Section 5.2.2 and polarimetric imaging mode in Section 5.2.3. 

 

 

Figure 5.1: (a) Optical assembly of classic components required to generate the Bessel 

probe beam of interest for NDT applications (adapted from [358]). (b) Metasurface optics 

developed within this chapter that combined the entire optical function of the yellow 

highlighted portion of (a) within a single optical layer (showing interference colours). 

 

Section 5.3.1 will present the experimental setup with its measurement and analysis 

methodology. To this end, a telecentric magnifying objective was designed in Section 5.3.2 

which integrated the polarisation analysing capabilities described in Section 5.3.3. A pseudo-

colour encoding methodology was developed in Section 5.3.4 to enable the intuitive 

interpretation of multi-dimensional polarimetric data within a single image. 

Experimental results are presented in Section 5.4, specifically the probe beam calibration in 

Section 5.4.1 with sensing applications of a homogenous sample’s diattenuation and RI 

demonstrated in Sections 5.4.2 and 5.4.3, respectively. Section 5.4.4 gauged the spatial 

resolution of polarimetric imaging capabilities using the 1951 USAF resolution target for 

the subsequent imaging of carbon fibres within a polymer matrix in Section 5.4.5, 

showcasing the characterisation of an industrially-important material class. Finally, 

Section 5.5 will draw conclusions on the presented results and outline future work. 
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5.2 Bessel Beam Metasurface – Design, Simulation and Modelling 

5.2.1 Encoded Phase Profiles and Resulting Axial Polarisation Beating 

The beam forming metasurfaces were optimised to produce an extended focal line  

- consisting of two orthogonally polarised 0th order Bessel beams - in which the SoP changes 

linearly as a function of the distance along the propagation axis 𝑧𝑖. The metasurface encoded 

two spatial phase functions 𝜑1,2(𝑥𝑖, 𝑦𝑖) that were independently excited by a pair of 

orthogonal polarisations (OPB) [350], as described in Section 3.3. All parameters resulting 

from these two arbitrary phase functions are subsequently denoted by the subscripts 1 and 

2. Both phase functions were implemented as axicons with different radial phase periods 

(g1 >  g2) according to Eq. (5.1), as previously illustrated in Figure 3.6. 

with the radial distance |𝑟| to the centre of the metasurface. The resulting half-cone angles  

α1,2 = sin
−1(λ0/g1,2) [350] of the two constituent Bessel beams 𝐵1,2 and their spatial 

frequencies along the optical axis kz1,2 = k0 ∙ cos (α1,2) can be calculated from design 

parameters. This type of metasurface is consequently referred to as “(orthogonal) bi-axicon”. 

Figure 5.2 shows large active area simulations (Lumerical FDTD solutions) of two such 

metasurfaces with radius RMS of 2 mm and polarisation gratings g1 and g2 of 0.4 mm and 

0.24 mm that respond to (a)-(c) |R⟩ and |L⟩ or (d)-(f) of |D⟩ and |A⟩ polarised light. 

Figure 5.2 (a) and (b) show that both phase functions φ1 and φ2 independently generated 

Bessel beams B1 or B2 upon excitation by incident |L⟩ or |R⟩ light, respectively. The axial 

intensity profiles of B1 and B2 exhibit different half-cone angles α1 and α2, focal lengths  

zmax1,2 = RMS/ tan α1,2 and centre-spot sizes w1,2 = 2.405 ∙ λ0/(2π sin(α1,2)) [348]. The 

on-axis SoP remained circularly polarised with inverted handedness for both beams B1, B2. 

Upon illuminating the same metasurface with |H⟩ light as shown in Figure 5.2 (c), or any 

other linear SoP, one can observe a linearly polarised beam centre, the orientation angle ψ 

of which changes along the propagation direction zi. In this case, both constituent Bessel 

beams are excited simultaneously. All superimposed electric fields Ex1,2 and Ey1,2 along the 

focal line are constant and given by the metasurface’s OPB i.e., their Jones vector. However, 

the on-axis phase shift 𝛿1↔2 between rays of the two constituent Bessel beams 𝐵1 and 𝐵2 

grows linearly with the propagation distance 𝑧𝑖 according to Eq. (5.2). 

 𝝋𝟏,𝟐(𝒙𝒊, 𝒚𝒊) = 𝟐𝝅 ∙ √𝒙𝒊𝟐 + 𝒚𝒊𝟐⏟      
≔|𝒓|

∙
𝟏

𝒈𝟏,𝟐
 (5.1) 
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Figure 5.2: Large active area simulations of the x-z intensity profile for two bi-axicon 

metasurfaces (𝑅𝑀𝑆=2 mm, 𝑔1= 0.4 mm, 𝑔2=0.24 mm) using the simulation template 

introduced in Section 3.4. The top row shows a bi-axicon with encoded OPB that responds 

independently to incident (a) |𝐿⟩ and (b) |𝑅⟩ polarised light by forming one of the two 

fundamental Bessel beams 𝐵𝑅,𝐿 with inverted handedness. (c) |𝐻⟩ polarised incident light 

formed a superposition of 𝐵𝑅 and 𝐵𝐿 beams that resulted in a linearly polarised beam centre 

with rotating orientation angle 𝛹(𝑧𝑖) along the propagation direction, see Eq. (5.2), with a 

periodicity described by (5.3). The bottom row shows an analogous bi-axicon metasurface 

with OPB responding independently to incident (d) |𝐷⟩ and (e) |𝐴⟩ polarised light. (f) Their 

superposition upon |𝐻⟩ polarised incidence showed comparable polarisation beating yet 

with a different axial progression of the SoP. 
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This axially growing phase shift (𝛿1↔2 ∝ 𝑧𝑖) translates therefore into a linearly changing 

SoP along the focal line with a periodicity 𝛬𝑆𝑜𝑃 given by Eq. (5.3). 

Figure 5.2 (d)-(f) shows that an equivalent bi-axicon metasurface with different OPB e.g., 

|D⟩ and |A⟩ polarisations, composes a similar beam albeit with different axial progression of 

the SoP. Jones calculus can be used to predict the exact axial SoP with Eq. (5.4) using the 

Jones vectors 𝐽1,2 of the two consitituent Bessel Beams 𝐽1,2 that were chosen via the OPB. 

Analytical predictions for the axial SoP progression were compared to the numerical results 

of the previous simulations to confirm this theoretical model. Figure 5.3 (a) and (b) plots the 

axial orientation angle Ψ(zi) and ellipticity angle χ(zi) of the PE at the beam centre upon 

excitation with |H⟩ light, respectively, for both bi-axicons of Figure 5.2 (c) and (f). 

It is apparent that the presented theoretical model successfully and accurately describes the 

observed axial SoP progression for metasurfaces with either OPB (|L⟩ / |R⟩, or |D⟩ / |A⟩). 

For both OPBs, the observed characteristic angles are found to oscillate along the optical 

axis with a period ΛSoP of 1.38 mm retrieved from simulations, which is in perfect agreement 

with the model of Eq. (5.3) and Eq. (5.4). 

The deviations observed for the simulation results relative to the model are caused by slight 

efficiency and intensity differences between the two orthogonal gratings. The steeper half-

cone angle α1 > α2 created a more tightly focused beam centre as per Eq. (2.19) (radius of 

central lobe wb,1 < wb,2) with higher intensity collected from a circular area with larger 

radius |�⃑� | on the metasurface. This resulted in a slightly imbalanced superposition (𝐼1 > 𝐼2) 

of the two constituent Bessel beams (𝐵1 and 𝐵2) with some residual component at the beam 

centre 𝐼𝑟𝑒𝑠 = 𝐼1 − 𝐼2. Strikingly, this imbalance affected both the axial orientation 

angle Ψ(zi) and ellipticity angle 𝜒(𝑧𝑖) equally for the |D⟩ / |A⟩ OPB, whereas the axial 

orientation angle Ψ(zi) was mostly unaffected for the |R⟩ / |L⟩ OPB. This observation 

becomes clear when considering that circular polarisations have no preferred - or defined - 

orientation angle Ψ that can cause deviations upon imbalance, as opposed to linear 

polarisations. 

 𝜹𝟏↔𝟐(𝒛𝒊) = 𝒛𝒊 ∙ (𝒌𝒛𝟏 − 𝒌𝒛𝟐⏟      
≔𝜟𝒌𝒛

) (5.2) 

 𝜦𝑺𝒐𝑷 = 𝟐𝝅(𝜟𝒌𝒛)
−𝟏 =

𝝀𝟎
𝐜𝐨𝐬𝜶𝟏 − 𝐜𝐨𝐬𝜶𝟐

 (5.3) 

 𝑱𝒕𝒐𝒕(𝒛𝒊) = 𝑱𝟏 + 𝑱𝟐 ∙ 𝒆𝒙𝒑(𝒊 𝜹𝟏↔𝟐(𝒛𝒊)) (5.4) 
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 Figure 5.3: Axial polarisation analysis of the collective simulations presented in Figure 5.2 

(𝑅𝑀𝑆=2 mm, 𝑔1= 0.4 mm, 𝑔2=0.24 mm). The on-axis characteristic angles of the PE, 

namely the (a) orientation angle 𝛹 and (b) ellipticity angle 𝜒, are shown for increasing 

propagation distances above the metasurfaces (𝑧𝑖) for both simulated OPB (|𝐿⟩ / |𝑅⟩, and 

|𝐷⟩ / |𝐴⟩). This SoP progression can alternatively be depicted on the Poincare sphere. (c) 

shows this for the bi-axicon with |𝑅𝐶𝑃⟩/|𝐿𝐶𝑃⟩ gratings, while (d) depicts results of the 

equivalent metasurface based on |𝐷𝐿𝑃⟩/|𝐴𝐿𝑃⟩ gratings. Both showed a circular path of 

SoPs in the 𝑆1-𝑆2 and 𝑆1-𝑆3 plane, respectively, which was equidistant to their OPB. 
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Consequently, the orientation angle Ψ is exclusively defined by the superposition of equal 

circular components (I|R⟩ ≡ I|L⟩) for the |R⟩ / |L⟩ OPB while all intensity deviations Ires are 

concentrated within the ellipticity angle χ. Hence, later experiments employing bi-axicons 

with |R⟩ / |L⟩ OPB e.g., for RI sensing in Section 5.2.2, will preferentially utilise Ψ as robust 

“measurement channel” while χ can be used to assess alignment and image quality as a 

“quality channel”. 

At last, the axial SoP progression was visually assessed for the two previously presented 

OPBs on the Poincare sphere in Figure 5.3 (c), (d). In both cases, the SoP oscillation was 

found to follow a circular path along (c) the equatorial S1-S2 plane and (b) the meridian S1-

S3 plane. These circular paths are exactly equidistant to their respective OPB polarisations 

(located at 𝑆3 = ±1 and 𝑆2 = ±1, respectively), thereby providing a geometric 

interpretation of the observed SoP oscillation along the optical axis. 

In conclusion, one can control the axial SoPs formed along the focal line by choosing the 

OPB of the metasurface, and the oscillation length 𝛬𝑆𝑜𝑃 by choosing the difference between 

the two grating periods 𝛥𝑔 = 𝑔1𝑔2/(𝑔1 − 𝑔2). The metasurfaces presented here will enable 

various polarimetric applications in sensing and imaging by simply scanning the metasurface 

along the z-axis with respect to the object under study, as will be shown in Section 5.4. 

 

5.2.2 Sensing Applications - Refractive Index and Polarising Effects 

This section explores the physics behind the bi-axicon’s capability to measure the RI of a 

homogeneous sample of known thickness, or vice versa to measure the thickness of a 

transmissive sample of known RI. To conclude this section, other observable polarisation-

dependent effects that are important to material characterisation and NDT are summarised. 

Introducing a homogeneous dielectric slab of thickness 𝑡 and RI 𝑛𝑠 into the bi-axicon’s beam 

path will alter the internal half-cone angles 𝛽1,2 = arcsin [sin(𝛼1,2) /𝑛𝑠] of the constituent 

Bessel beams according to Snell’s law, as well as their respective on-axis spatial frequencies 

according to 𝑘𝑛,𝑧1,2(𝑛𝑠) = 𝑘0 ∙ 𝑛𝑠 ∙ cos (𝛽1,2). In turn, this leads to altered optical path 

lengths and thereby a changed on-axis phase shift 𝛿1↔2 between rays of the two constituent 

Bessel beams 𝐵1 and 𝐵2 at the detection plane 𝑧𝑖, described by Eq. (5.5). 

 𝜹𝟏↔𝟐(𝒛𝒊, 𝒕, 𝒏𝒔) = (𝒛𝒊 − 𝒕) ∙ (𝒌𝒛𝟏 − 𝒌𝒛𝟐) +  𝒕 ∙ (𝒌𝒏,𝒛𝟏 − 𝒌𝒏,𝒛𝟐) (5.5) 
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Figure 5.4: Large active area simulations of the x-z intensity profile for bi-axicon 

metasurface with OPB of |𝐿⟩ / |𝑅⟩ (𝑅𝑀𝑆=2 mm, 𝑔1= 0.4 mm, 𝑔2=0.24 mm) using the 

simulation template introduced in Section 3.4. Illumination with |𝐻⟩ polarised light formed 

the previously described superimposed Bessel beam with axially changing polarisation in 

(a) air and with (b) 0.5 mm or (c) 2.0 mm thick HDPE sample (𝑛𝐻𝐷𝑃𝐸=1.58 RIU [29]) 

introduced into the beam path between the white dashed lines. (d) The orientation angle 

𝛹(𝑧𝑖) of the PE at the beam centre exhibits a clear shift 𝛥𝛹 ∝ 𝑡 that is proportional to the 

thickness of the HDPE sample, whereas (e) the ellipticity angle remained close to 0º for all 

datapoints until the shorter Bessel beam became increasingly faint towards  

𝑧𝑚𝑎𝑥(𝐵|𝐿⟩) = 4.1 mm. The theoretical model of Eq. (5.4) and Eq. (5.5) is shown to 

accurately describe the observed polarisation parameter. 
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This altered phase shift described by Eq. (5.5) is simply an adapted version of Eq. (5.2) that 

takes account to the slab’s RI ns and thickness t, to be inserted into Eq. (5.4). 

Figure 5.4 confirmed the described behaviour with large active area simulations employing 

the metasurface with |L⟩ / |R⟩ OPB that was already shown previously in Figure 5.2 (a)-(c) 

and Figure 5.3 (c). Compared to the undisturbed beam path within air shown in Figure 5.4 

(a), one can clearly spot a horizontal standing wave effect between the white dashed lines 

caused by Fabry-Perot resonances within the 0.5 mm and 2.0 mm thick HDPE sample 

(nHDPE=1.58 RIU [29]) in (b) and (c), respectively. Furthermore, Figure 5.4 (b), (c) clearly 

exhibited decreased half-cone angles β1,2 < α1,2 within the sample region that led to axially 

stretched Bessel beams B1,2. After transmission through the sample region, this resulted in 

an axial displacement of the beams that was proportional to the sample thickness, as 

indicated by the axial position of the polarisation symbols in Figure 5.4 (a)-(c). This effect 

becomes more apparent when looking at the characteristic angles of the PE at the beam 

centre, particularly the orientation angle Ψ(zi) in Figure 5.4 (d). While the periodicity ΛSoP 

of 1.38 mm and the general progression of the axial SoP were maintained for all three 

simulations, there was a distinct shift ΔΨ ∝ t observed behind the introduced HDPE samples 

(see green and blue datapoints) compared to the undisturbed beam in air (red datapoints) that 

remained constant at all scan positions. This shift was accurately described by the analytical 

model of Eq. (5.5) for both thicknesses using the same value for the RI of 1.58 RIU as in the 

numerical simulation, thereby confirming the model’s validity. The on-axis ellipticity angle 

χ(zi) of the PE in Figure 5.4 (e) remained close to the expected value of 0° until the shorter 

beam B|L⟩ became increasingly faint towards zmax(B|L⟩) = 4.1 mm. 

Hence, it can be concluded that the extended analytical model for the on-axis SoP of the 

presented probe beams accurately described the impact of introducing an optically dense 

medium with ns and thickness t on to the observed axial polarisation progression. The 

comparison between numerical results of large active area simulations and the analytical 

model showed a remarkably precise agreement, thereby validating the developed model for 

use in the RI sensing experiments of Section 5.4.3. The RI can be calculated by inverting the 

analytical model, utilising the measured sample thickness and relative shift ΔΨ obtained 

between a polarimetric calibration measurement and a respective measurement after 

introduction of the sample into the beam path. Examining Eq. (5.2), Eq. (5.3) and Eq. (5.5), 

one can see that this shift ΔΨ is caused by the difference between the on-axis wave vectors 

kz1 − kz2 (or the difference of diffraction angles α1 − α2). Consequently, the sensitivity of 
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the bi-axicon’s probe beam to the RI of a sample can be controlled via the chosen difference 

of grating periods 𝛥𝑔 and is thereby a design parameter i.e., probe beams with shorter 

oscillation length ΛSoP can measure the RI more precisely. However, this sensitivity stands 

in a trade-off with the dynamic measurement range due to the periodicity of the measured 

shift of the orientation angle 𝛥𝛹 ∈ [−90°; 90°] i.e., measured results beyond a certain RI 

and thickness become ambiguous since 𝛥𝛹 = 20° cannot be distinguished from 𝛥𝛹 =

200°, 380°, … (because of wrapped periodicity). Consequently, the probe beam presented 

here must be optimised with its respective application in mind to achieve their best 

performance. 

Last but not least, the use of the SoP as measurement channel resulted in a multitude of 

additional polarisation-dependent material interactions that can be used for material 

identification and characterisation. The most prominent and widespread interactions were 

summarised previously in Section 2.2.3 i.e., diattenuation or reflection under the Brewster 

angle, in which the transmission depends on the incident polarisation, and birefringence, in 

which different polarisations experience different speed of propagation. These effects can 

be identified and quantified via their impact on the polarised probe beam, which will be 

shown experimentally for diattenuation in Section 5.4.2. 

 

5.2.3 Polarimetric Imaging - Image Contrast and Resolution 

While sensing experiments allow for the accurate characterisation of homogeneous samples, 

there are many inhomogeneous (composite) materials with regions of distinctly different 

physical response to incident polarised light. To fully characterise these industrially 

important material classes, such as carbon fibre reinforced polymers, one needs to spatially 

distinguish regions of different composition or orientation using polarisation-dependent 

interactions to generate image contrast e.g., within a polarimetric imaging configuration. 

The most commonly encountered polarisation-dependent material interactions for NDT 

applications are diattenuation, e.g. anisotropic conductive materials with at least one sub-

wavelength dimension such as carbon fibres, and birefringence, which can be either intrinsic 

to (micro-) crystalline regions or stress-induced [32]. Crucially, the exact identification, 

characterisation and quantification of such polarisation-dependent effects cannot be 

achieved with a single incident SoP but requires measurements of the sample’s response to 

several different incident polarisations. For example, a dark sample region upon transmission 

could be caused by either polarisation-independent absorption or polarisation-dependent 
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diattenuation (extinction axis aligned to incident SoP). Only observation of the same sample 

region with different incident polarisation can unambiguously identify the underlying effect 

e.g., if region still dark with orthogonal SoP → material absorption, if region bright with 

orthogonal SoP → diattenuation.  

 

 

Figure 5.5: The (negative) 1951 USAF resolution test chart consisting of (a) multiple groups 

and elements of three horizontal and vertical cut-out lines within a metallic film with 

logarithmically decreasing structure sizes. (b) The equally spaced horizontal and vertical 

lines follow a common relative design, with the line width 𝐿 of the smalles element for which 

3 lines are still distinguishable representing the minimum resolution of the optical setup. (c) 

To test applications in NDT of carbon fibre reinforced polymers, a sample with randomly 

oriented carbon fibres sandwiched between two 0.5 mm thick PTFE slabs has been used. (d) 

Magnified image of the carbon fibres under an optical microscope exhibiting an average 

diameter of 5.1 µm ± 1.4 µm of individual fibres with a length of 3-8 mm. 
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Analogously, the transmitted polarisation of a birefringent material can only be distinguished 

from a weakly diattenuating material (low extinction ratio) by multiple measurements with 

different incident SoP (or sample rotation) and analysis of the transmitted intensity (I = const. 

→ birefringence, I = sinusiodally variable → weak diattenuation). This highlights the fact 

that if one wants to characterise the polarisation-dependent properties of a sample fully and 

unambiguously, then one must analyse the sample’s response to different incident SoPs. 

In this context, the bi-axicon’s probe beam was ideally suited as beam forming optics for 

polarimetric imaging applications since different SoPs incident on to the sample were easily 

achieved by lateral scanning of the metasurface relative to sample and analysing optics. The 

envisioned NDT prototype for polarimetric imaging required hereby a custom-built 

magnifying objective, see Section 5.3, since most polarisation-dependent material 

interactions such as micro-crystallinity or fibres with sub-wavelength thickness are observed 

at the micro-scale close to the employed wavelength. 

An established technique to gauge the achievable image resolution was found with the 1951 

USAF resolution test chart shown in Figure 5.5. A commercially available USAF target with 

cut-out lines within a metallic film (Edmund optics) was used for experiments gauging the 

minimum achievable image resolution Rmin (in line pair per mm, i.e. 2w/mm) of the optical 

setup in Section 5.4.4 according to Eq. (5.6) from the group number G and element number 

E of the smallest resolvable structures. 

To test the setup’s capabilities for NDT of composite materials, a sample of carbon fibres 

sandwiched between two 0.5mm thick PTFE slabs was imaged in Section 5.4.5. The average 

fibre diameter was determined to 5.1 µm ± 1.4 µm with a fibre length of ca. 3-8 mm using 

an optical microscopy in Figure 5.5 (d), thereby having a sub-wavelength dimension 

perpendicular to the fibre axis but not parallel to it, which should induce diattenuation. 

 

 𝐑𝒎𝒊𝒏 = 𝟐
(𝑮+

𝑬−𝟏
𝟔
)
 (5.6) 
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5.3 Experimental Setup and Data Analysis 

5.3.1 Outline of the Employed Setup and Measurement Methodology 

The setup to use the beamforming bi-axicon metasurfaces for NDT and polarimetric imaging 

is shown in Figure 5.6. A continuous wave (CW) FIRL (FIRL 295, Edinburgh Instruments) 

delivered a collimated Gaussian beam (1/e diameter ca. 11 mm) of up to 150 mW at 

2.52 THz, which was |H⟩ polarised. A non-polarising beam splitter with power meter in its 

side arm was introduced to account for fluctuations of the output power between different 

single-shot images (𝐼𝑟𝑒𝑓,𝑛 in Section 5.3.3). Subsequently, a pair of wire grid polarisers 

allowed for dynamic attenuation within the measurement arm by adjusting the angle of 

WGP 1 while leaving WGP 2 fixed to transmit |H⟩. The custom-build -7.7x telecentric 

objective introduced in Section 5.3.2 was placed behind the sample with a rotatable QWP, a 

fixed analyser (|V⟩ transmission) and a bandpass filter integrated in its infinity space. The 

combination of the QWP and fixed polariser allows for measurement of the SoP [179, 468] 

as described in Section 5.3.3. The bandpass filter is used to increase the SNR at the terahertz 

camera (INO MicroXCam-384-THz). 

 

Figure 5.6: Illustration of the setup used for sensing experiments and polarimetric imaging 

(rotating QWP method, see Section 5.3.3) at 2.52 THz in transmission geometry with an 

optimised telecentric -7.7x objective (blue box, see Section 5.3.2). BS: non-polarising beam-

splitter, PM: power meter, WGP: wire grid polariser, QWP: quarter wave plate, BPF: band 

pass filter, OL: objective lens, TL: tube lens. 
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Experiments employing the bi-axicon metasurfaces as beam forming optics used a sequential 

measurement procedure for the SoP that required only a single rotating QWP followed by a 

fixed polariser, known as rotating QWP method [179] and detailed in Section 5.3.3. The 

camera sensor was calibrated and zeroed with blocked beam path before every SoP 

measurement. Every snapshot image within a SoP measurement was averaged over 60 

frames at 50 Hz while the average beam power detected in a reference beam path 𝐼𝑟𝑒𝑓,𝑛 was 

noted. The QWP was rotated in increments of 𝛥𝛾 = 180°/𝑁 before the next snapshot was 

taken until all 𝑁 = 8 snapshots had been obtained. Every pixel therefore performed an 

individual SoP measurement generated from the 𝑁 constituent intensity measurements with 

successively increased QWP angle of 𝛾𝑛+1 = 𝛾𝑛 + 𝛥𝛾 (𝛾1 = 0°). 

All 8 snapshot images were imported into a MATLAB script with their respective reference 

beam powers 𝐼𝑟𝑒𝑓,𝑛. Every individual snapshot 𝑛 was zeroed columnwise (𝑐𝑜𝑙) with the 

minimum raw pixel value 𝑀𝑖𝑛 [𝐼𝑟𝑎𝑤,𝑛(𝑐𝑜𝑙)] of each respective column because the 

employed bolometric sensor showed a column-dependent increase of its dark count over 

time. Every pixel of a snapshot 𝑛 was then scaled by a factor accounting for power 

fluctuation of the reference beam 𝐼𝑟𝑒𝑓,𝑛 relative to the maximum power detected during the 

SoP measurement 𝑀𝑎𝑥[𝐼𝑟𝑒𝑓,𝑛], as shown in Eq. (5.7). 

The subsequent polarimetric analysis is presented in Section 5.3.3. 

 

5.3.2 Design of the Custom-built Telecentric Objective 

The envisioned imaging system required a magnifying objective to realise sub-mm imaging 

with good resolution despite the camera’s comparably large pixel pitch of 35 µm × 35 µm 

(INO MicroXcam 384i THz). However, commercially available terahertz objectives are 

typically targeting wide-angle collection of light on to the camera sensor (M < 1). 

Furthermore, high prices for commercial objectives render a custom-build magnifying 

objective from commercial parts viable, especially since further consideration needed to be 

taken towards integration of the optical components required for polarimetric analysis i.e., 

QWP, polariser. 

In a first step, the requirements for the magnifying objective must be defined. The sensor 

diagonal of the employed camera is 16.8 mm (384×288 pixel, 4:3 format), or ca. 141 𝜆0. 

 𝑰𝒏(𝒄𝒐𝒍) = (𝑰𝒓𝒂𝒘,𝒏(𝒄𝒐𝒍) −𝑴𝒊𝒏 [𝑰𝒓𝒂𝒘,𝒏(𝒄𝒐𝒍)]) ∙
𝑴𝒂𝒙 [𝑰 𝒓𝒆𝒇,𝑵]

𝑰𝒓𝒆𝒇,𝒏
 (5.7) 
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Thus, a magnification of approx. 7.5x would constitute a good trade-off between a high 

achievable resolution at the image plane and a sufficiently large FOV at the object plane (15 

𝜆0 × 11.3 𝜆0). Furthermore, the absence of perspective parallax error and a constant 

FOV along the optical axis are highly desirable to limit image distortions, thereby retain 

uniform structure sizes throughout the image plane and for deviating object distances. At 

last, the polarisation-analysing components shall be integrated with as little introduced 

image distortions as possible, with the rotating QWP being of particular concern. 

All these conditions can be fulfilled by a telecentric magnifying objective. Telecentricity 

describes the property of an objective to retain a constant FOV and magnification of  

𝑀 = 𝑓𝑡𝑢𝑏𝑒/𝑓𝑜𝑏𝑗 both throughout the image plane and for different object/working distances. 

Furthermore, blurring effects upon defocus are symmetric, allowing for a robust analysis 

even for slightly defocused images. For example, this means that fibres near the sample 

surface experience the same magnification as fibres in the sample’s bulk, which is a highly 

desirable property for automated inspection and machine vision. Furthermore, telecentric 

objectives entail an “infinity space” between objective and tube lens in which ray bundles 

originating from any point in the object plane propagate as collimated beams. Consequently, 

optical components introduce minimal image distortions if integrated within this infinity 

space, making it the ideal location to integrate the required polarisation-analysing 

components i.e., QWP, WGP, BPF. 

The commercial software Zemax OpticStudio was used to design and optimise the outlined 

-7.7x telecentric objective, see Table 5.1 and Figure 5.7 (a) for the exact design parameter 

and 3D depiction of the lens arrangement, respectively.  

 

Table 5.1: Input parameter in Zemax OpticStudio for the presented -7.7x telecentric 

objective. The RI of TPX (ca. 1.46 RIU) at the design wavelength (𝜆0 = 118.8µm) was 

obtained from the lens vendor’s webpage (TYDEX) [125]. 
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As objective lens, two plano-convex TPX lenses (TYDEX), each with nominal focal length 

of 50 mm (40.9 mm simulated at 𝜆0), were optimised to collimate ray bundles from the 

object plane (left side) 10 mm in front of the first lens’s flat surface. These parallel beams 

were refocused on to the image plane (right side) by the tube lens - a plano-convex TPX lens 

(BATOP) with 250 mm nominal focal length (237.7 mm simulated at 𝜆0). 

 

 

Figure 5.7: Optimised -7.7x telecentric objective employed in the experimental Section 5.4 

within the commercial software Zemax OpticStudio (parameters shown in Table 5.1). (a) 3D 

layout of the optimised magnifying objective employing two plano-convex lenses as objective 

lens (left) and a tube lens (middle). Ray bundles (coloured lines) originating from different 

off-axis (y) positions in the object plane (left) are collimated and refocussed on to the image 

plane (right) with -7.7x magnified spacing. (b) Simulated spot diagrams of these ray bundles 

show a consistent magnification of the radial offset (IMA/OBJ = -7.7) at the image plane 

without noticeable distortions. The expected image quality of the “grid of bars” target was 

(c) simulated at the image plane, showing both high magnification and excellent image 

quality with no visible distortions (curved lines) or defocus (blurred lines). 
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Figure 5.7 (b) shows spot diagrams observed at the image plane for six different off-axis (y) 

positions at the object plane, namely 0 ∙ λ0, 1 ∙ λ0, 2 ∙ λ0, 5 ∙ λ0, 10 ∙ λ0 and 11 ∙ λ0, with the 

last being the maximum y-displacement that still focussed the centre beam on to the 

employed image sensor. All six spots retained their circular geometry with evenly spaced 

rays and RMS spot radius ranging from 90.6 µm to 84.0 µm for increasingly off-axis ray 

bundles. From the object and image sizes given by the software, the magnification was 

calculated to -7.7x throughout the entire image plane, which confirmed the required 

magnification and its uniformity. To better visualise geometric distortions, the “grid of bars” 

image was simulated after passing through the designed objective, which is shown in  

Figure 5.7 (c). The results confirm that the designed objective acts as magnifying objective, 

notably without noticeable image distortion or defocus. 

It shall be noted that the presented results do not consider diffractive effects, which are 

increasingly important as the optics’ spatial extend approaches the magnitude of the altered 

wavelength. While important for low terahertz frequencies, the employed TPX lenses 

possessed a centre thickness of ca. 101 𝜆0 (or 144.4 𝜆𝑇𝑃𝑋) and 46.3 𝜆0 (or 66.2 𝜆𝑇𝑃𝑋), 

respectively, thereby rendering them large enough to omit diffractive effects without 

significant loss of accuracy. 

 

5.3.3 Polarimetric Image Analysis using the Rotating QWP Method 

Since the State of polarisation (SoP) is a fundamental property of electromagnetic radiation, 

there is a rich set of different data acquisition and measurement methodologies established 

in literature [30, 32, 179, 468]. All of them target the determination of the four Stokes 

Parameter S0-S3 that fully describe the SoP for light propagating in z-direction, with 𝐸0𝑥, 

𝐸0𝑦 as maximum amplitudes of the optical field in x- and y-direction and δ the phase shift 

between them, respectively [179]. 

 𝑺𝟎 = 𝑬𝟎𝒙
𝟐 + 𝑬𝟎𝒚

𝟐 = 〈𝑰𝑯〉 + 〈𝑰𝑽〉 = 〈𝑰𝑫〉 + 〈𝑰𝑨〉 = 〈𝑰𝑹〉 + 〈𝑰𝑳〉 (5.8) 

 𝑺𝟏 = 𝑬𝟎𝒙
𝟐 − 𝑬𝟎𝒚

𝟐 = 〈𝑰𝑯〉 − 〈𝑰𝑽〉 (5.9) 

 𝑺𝟐 = 𝟐𝑬𝟎𝒙𝑬𝟎𝒚 𝒄𝒐𝒔 𝜹 = 〈𝑰𝑫〉 − 〈𝑰𝑨〉 (5.10) 

 𝑺𝟑 = 𝟐𝑬𝟎𝒙𝑬𝟎𝒚 𝒔𝒊𝒏𝜹 = 〈𝑰𝑹〉 − 〈𝑰𝑳〉 (5.11) 
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The right sides of Eq. (5.8) to Eq. (5.11) link the Stokes parameter to observable intensities 

with 〈𝐼𝑖〉 denoting the average intensity over a measurement time much larger than the one 

optical cycle. The respective subscripts represent the measured SoP, i.e. horizontal H, 

vertical V, diagonal D, anti-diagonal A, right-circular R and left-circular L [468]. Any 

complete measurement of the SoP consequently needs to solve the set of equations Eq. (5.8)-

(5.11) by acquiring the intensities of at least four differently polarised components of the 

incoming wavefront – at least three of them must be linearly independent. 

The experimentally obtained intensity matrices 𝐼𝑛 of Eq. (5.7) were used to determine the A, 

B, C and D matrices according to Eq. (5.12)-(5.15) [179]. Care had to be taken to calculate 

the partially polarised Stokes parameter 𝑆0
∗ to 𝑆3

∗ since the fixed polariser transmitted |V⟩ 

polarised light as opposed to the |H⟩ described in [179]. To correct for the polariser’s 90º 

“misalignment”, an additional 𝑠𝑔𝑛(−) had to be inserted in Eq. (5.17), Eq. (5.18) and Eq. 

(5.19), as described by Eq. (7) of Flueraru et al. [469]. 

After calculating the degree of polarisation (DOP) in Eq. (5.20), the fully polarised Stokes 

Parameter S0 to S3 (normalised by S0) can be calculated in Eq. (5.21) to Eq. (5.24). In turn, 

 𝑨 =
𝟐

𝑵
∑ 𝑰𝒏

𝑵=𝟖

𝒏=𝟏

 (5.12) 

 𝑩 =
𝟒

𝑵
∑ 𝑰𝒏

𝑵=𝟖

𝒏=𝟏

𝒔𝒊𝒏(𝟐𝜸𝒏) (5.13) 

 𝑪 =
𝟒

𝑵
∑ 𝑰𝒏

𝑵=𝟖

𝒏=𝟏

𝒄𝒐𝒔(𝟒𝜸𝒏) (5.14) 

 𝑫 =
𝟒

𝑵
∑ 𝑰𝒏

𝑵=𝟖

𝒏=𝟏

𝒔𝒊𝒏(𝟒𝜸𝒏) (5.15) 

 𝑺𝟎
∗ = 𝑨 − 𝑪 (5.16) 

 𝑺𝟏
∗ = −(𝟐𝑪) (5.17) 

 𝑺𝟐
∗ = −(𝟐𝑫) (5.18) 

 𝑺𝟑
∗ = −(𝑩) (5.19) 
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the characteristic angles of the PE can be calculated by Eq. (5.25) and Eq. (5.26), namely 

the orientation angle ψ and ellipticity angle χ, respectively. 

The resulting image matrices of Eq. (5.20) to Eq. (5.26) were consequently smoothened with 

a 3-by-3 median filter using the MATLAB function “ medfilt2(Data,[3 3]) ”. 

 

5.3.4 Pseudo-Colour Images Depicting Polarimetric Information 

Analysing the experimental image data for its Stokes parameter inevitably splits up the 

measured intensity contrast into different polarimetric contrast channel, especially if the 

incident probe beam shows a variable SoP as in the present case. For example, certain 

horizontal and vertical features may be clearly visible in the spatial S1(x, y) profile yet 

remain hidden in the S2(x, y) or S3(x, y)  profiles. Furthermore, quantitative information on 

highly polarised image regions is lost for all parameter except DOP(x, y), which describes 

the relative fraction of polarised radiation with respect to all detected intensity. 

Consequently, it would be of great benefit to merge and depict the entire information on both 

SoP and DOP within a single image with smooth transitions between adjacent states that 

shall be simple to interpret. 

 
𝑫𝑶𝑷 =

√𝑺𝟏
∗𝟐 + 𝑺𝟐

∗𝟐 + 𝑺𝟑
∗𝟐

𝑺𝟎
∗  

(5.20) 

 𝑺𝟎 =
𝑺𝟎
∗

𝑫𝑶𝑷
−
(𝟏 − 𝑫𝑶𝑷)

𝑫𝑶𝑷
 (5.21) 

 𝑺𝟏 =
𝑺𝟏
∗

𝑫𝑶𝑷 ∙ 𝑺𝟎
 (5.22) 

 𝑺𝟐 =
𝑺𝟐
∗

𝑫𝑶𝑷 ∙ 𝑺𝟎
 (5.23) 

 𝑺𝟑 =
𝑺𝟑
∗

𝑫𝑶𝑷 ∙ 𝑺𝟎
 (5.24) 

 𝜳 =
𝟏

𝟐
𝒂𝒓𝒄𝒕𝒂𝒏 (

𝑺𝟐
𝑺𝟏
)       (𝟎 < 𝜳 ≤ 𝝅) (5.25) 

 𝝌 =
𝟏

𝟐
𝒂𝒓𝒄𝒕𝒂𝒏

(

 
𝑺𝟑

√𝑺𝟏
𝟐 + 𝑺𝟐

𝟐

)

        (−
𝝅

𝟒
< 𝜳 ≤

𝝅

𝟒
) (5.26) 
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The perception of colour is hereby an inherently intuitive and powerful tool to merge several 

greyscale parameters into a single pseudo-colour image. The three parameters identified to 

convey polarimetric information are introduced below: 

1. The degree of polarisation 𝑫𝑶𝑷(𝒙, 𝒚), describing the detected fraction of polarised 

light relative to all detected light within the linear interval [0; 1], describing areas of 

highly polarised optical fields. 

2. The orientation angle 𝜳(𝒙, 𝒚) of the PE within the periodic interval (-90º; 90º], 

describing the spatial orientation of the ellipse’s strongest linearly polarised component 

(major axis). 

3. The ellipticity angle 𝝌(𝒙, 𝒚) of the PE within the linear interval [-45º; 45º], describing 

the ratio between major and minor axis of the PE, describing areas with circularly 

polarised components (+/- defines handedness) 

The subsequent task was to find a tri-parametric colour space that was compatible with the 

structure of this greyscale data i.e., periodic interval for Ψ, linear intervals for both 𝜒 and 

𝐷𝑂𝑃. The CIE’s cylindric 𝐿∗𝐶∗ℎ colour space, which is derived from the CIE-𝐿∗𝑎∗𝑏∗ colours 

by simple coordinate transformation, appears ideally suited for this task [470]: 

a. The CIE-𝐿∗𝐶∗ℎ colour space is based on relative prevalence of complementary colours, 

e.g., red vs. green, blue vs. yellow, white vs. black. This parametric structure fits 

perfectly to the Poincare sphere, which is based on relative prevalence of orthogonal 

SoPs, e.g., |H⟩ vs. |V⟩, |D⟩ vs. |A⟩, |R⟩ vs. |L⟩, respectively. In turn, the colour parameter 

hue ℎ is periodic within (-180º; 180º] while Luminance 𝐿∗ and chroma 𝐶∗ are both 

defined within a linear interval of [0 ; 100], thereby perfectly matching to the polarisation 

parameters Ψ, 𝜒 and 𝐷𝑂𝑃, respectively. 

b. The definition of CIE-𝐿∗𝐶∗ℎ takes account to human vision to achieve near perpendicular 

dimensions throughout the colour space [470]. The result is perceptual uniformity, 

meaning that Euclidean distances between two arbitrary colour coordinates 

corresponding to their perceived colour difference within the entire colour space [207, 

470]. This is an important property for the pseudo-colour images as it translates into a 

direct correlation between perceived colour change and measured SoP change 

throughout the entire Poincare sphere, making SoP changes intuitively quantifiable. 

The spherical polarisation space with azimuth angle of (−2Ψ), latitude angle of (2χ + π/2) 

and radius of (3/2 DOP) was consequently linked to the cylindric L∗C∗h colour space 

(luminance, chroma, hue) according to Eq. (5.27), Eq. (5.28) and Eq. (5.29): 
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Figure 5.8: (a) 3D depiction of the pseudo-colour chart on the Poincare sphere and (b) a view of 

the southern hemisphere (prevalent |𝐿⟩ component, 𝑆3 ≤ 0) showing the equatorial 𝑆1-𝑆2-plane 

(outermost circle). The colours at each point on the Poincare sphere were defined by their 

respective coordinate in the cylindric CIE-𝐿∗𝐶∗ℎ colour space. The effect of decreasing 𝐷𝑂𝑃 

on the respectively encoded colours is shown for (a)-(b) 100 %, (c) 50 %, (d) 33 % and (e) 

10 % polarised light. This clearly demonstrates that areas of low 𝐷𝑂𝑃 will entail an 

increasing grey component in the final pseudo-colour images, whereas areas of highly 

polarised light will show pure colours with strong chroma. 

 𝑳∗ = [− (
𝟑

𝟐
∙ 𝑫𝑶𝑷) ∙ 𝒔𝒊𝒏(𝟐𝝌) + 𝟏] ∙ 𝟓𝟎 (5.27) 

 𝑪∗ = |(
𝟑

𝟐
∙ 𝑫𝑶𝑷) ∙ 𝒄𝒐𝒔(𝟐𝝌)| ∙ 𝟏𝟎𝟎 (5.28) 

 𝒉 = −𝟐𝜳 (5.29) 
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Once the pseudo-colour images had been generated, they were converted into Cartesian CIE-

𝐿∗𝑎∗𝑏∗ colour space and RBG images for easier handling in subsequent software. The 

colour-encoded Poincare sphere shown in Figure 5.8 (a), (b) was obtained with this 

methodology for DOP = 1, and respective results for diverse values of the DOP in (c)-(d).  

The azimuth angle on the Poincare sphere (−2𝜓) is depicted as a colour’s hue ℎ. Viewing 

the respective 𝑆1-𝑆2 plane from the southern side (S3 ≤ 0) in Figure 5.8 (b)-(e) one can 

clearly identify the changing colour hue around the equator (outermost circle) with |H⟩ light 

(S1 = 1) appearing as magenta, |V⟩ (S1 = −1) as green, |D⟩ (S2 = 1) as blue and |A⟩  

(S2 = −1)  as yellow. The luminance L∗ of a colour is connected to the latitude angle  

(2χ + π/2) on the Poincare sphere, resulting in increasingly bright colours in Figure 5.8 (a) 

from  |R⟩ (S3 = 1, black) to |L⟩ (S3 = −1, white). Finally, chroma C∗ is linked to the degree 

of polarisation since both describe the purity of a colour or detected SoP, respectively. The 

prefactor 3/2 was chosen to ensure colour purity (C∗ ≥ 100) for highly polarised pixel with 

a DOP larger than 66.6 %, whereas areas with lower DOP values show an increasing 

grey component (C∗ < 100). The presented pseudo-colour encoded Poincare sphere can be 

regarded as “polarisation look-up table/illustration” to convert the depicted colours of the 

polarimetric images presented in Sections 5.4.4 and 5.4.5 into Stokes parameter of the SoP. 

 

5.4  Experimental Results 

5.4.1 Beam Calibration Measurements 

Using the setup, the measurement methodology and data analysis presented in Section 5.3, 

a calibration scan of the metasurface’s transverse and axial beam profiles was undertaken 

for two different metasurface designs: 

I. A short-range (SR) design optimised for sensing applications with short oscillation 

length, hence high sensitivity to the RI of introduced samples:  

OPB of |L⟩/|R⟩, g1/g2 = 0.72 mm/0.39 mm, α1/α2 = 9.5º/17.8º,  

zmax,1/zmax,2 = 65.8 mm/34.2 mm, w1/w2 = 0.28 mm/0.15 mm, Λtheo = 3.45 mm. 

II. A long range (LR) design optimised for polarimetric imaging applications requiring 

a large illuminating central lobe and both longer range and oscillation period:  

OPB of |L⟩/|R⟩, g1/g2 = 2.4 mm/1.22 mm, α1/α2 = 2.8º/5.6º, 

zmax,1/zmax,2 = 221.9 mm/112.4 mm, w1/w2 = 0.92 mm/0.47 mm, Λtheo = 33.7 mm. 
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Figure 5.9 (a) shows the experimentally obtained transverse intensity profile at a single axial 

scan position for the SR design and (b)-(e) its polarimetric analysis results including (f) their 

combined pseudo-colour depiction. The single raw intensity image exhibited a clear central 

lobe - the theoretical extends w1, 𝑤2 of which are shown as black dotted circles - with a faint 

surrounding structure of equidistant concentric rings typical for Bessel beams. The Stokes 

S0 parameter obtained from Eq. (5.16) showed a similar result to the raw image albeit with 

a clearer distinction between the brighter inner central lobe of diameter w2 (red) and the 

larger outer central lobe of diameter w1 (green) that were in good agreement with their 

theoretical extent. The profile of the DOP confirmed that this beam centre and ring structure 

were highly polarised compared to the background. Looking at the characteristic angles of 

the PE’s Ψ and χ in (d) and (e), respectively, the beam centre appears uniformly polarised 

with both angles close to 0º (|H⟩). The ring structure of these Bessel beams alternates 

between |V⟩ (𝛹 = ±90º) polarised rings that corresponded to intensity minima and |H⟩ 

polarised rings that corresponded to intensity maxima, each separated by thinner rings of 

highly circular polarisation (|χ| > 0º) of alternating handedness in-between intensity minima 

and maxima and vice versa. This polarisation profile of the transverse plane was as expected 

for two superimposed circularly polarised Bessel beams of differing diffraction angles. 

Finally, the polarimetric information could be combined in the pseudo-colour image of 

Figure 5.9 (f) to show a compressed yet intuitive picture of the transverse polarisation 

profile. 

The same analysis of the transverse plane was repeated in Figure 5.10 for the LR design that 

was used for imaging experiments. The previous observations remain true, but both central 

lobe diameters (black dotted circles) were significantly larger with a linearly polarised centre 

of 𝛹𝑚𝑎𝑥 = - 28.6º and surrounding rings of 𝛹𝑚𝑖𝑛 = 61.4º (orthogonal) polarisation. 

We can hence conclude that the transverse beam and polarisation profile was well- 

understood and in line with the theoretical design. Hence, the central lobe polarisation was 

averaged at several axial beam positions to observe the on-axis SoP profile in Figure 5.11. 

The orientation Ψ(𝑧𝑖) and ellipticity χ(𝑧𝑖) angles at each axial position 𝑧𝑖 of the metasurface 

that are shown as datapoints in Figure 5.11 were obtained by circular averaging measured 

pixel values within a circular aperture at the beam centre with diameter of (a)-(c) 0.18 mm 

for the SR design (1.23 𝑤2) and (d)-(f) 0.36 mm (1.29 w2) for the LR design. For both 

metasurfaces, the experimentally observed on-axis progression of (a), (d) Ψ(zi) and (b), (e) 

χ(zi) were in excellent agreement with the theoretical model introduced in Section 5.2.  
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Figure 5.9: Transverse beam profile calibration of the “short range design” bi-axicon 

metasurface employed for sensing applications in Sections 5.4.2 and 5.4.3. The theoretical 

central lobe diameters 𝑤1 and 𝑤2 of each individual Bessel beam 𝐵1 and 𝐵2 obtained with Eq. 

(2.19) are shown in each image as black dotted circles with diameter of 0.28 mm and 0.15 mm, 

respectively. (a) Single intensity image as taken with the setup of Figure 5.6. Polarimetric analysis 

according to Section 5.3.3 resulted in the spatial profiles of (b) the Stokes 𝑆0 parameter, (c) degree 

of polarisation, (d) the orientation angle Ψ and (e) ellipticity angle χ of the PE. Their combination in 

a pseudo-colour image shown in (f) was achieved as described in Section 5.3.4. 
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Figure 5.10: Transverse beam profile calibration of the “long range design” bi-axicon 

metasurface employed for imaging applications in Sections 5.4.4 and 5.4.5.  The theoretical 

central lobe diameters 𝑤1 and 𝑤2 of each individual Bessel beam 𝐵1 and 𝐵2 obtained with Eq. 

(2.19) are shown in each image as black dotted circles with diameter of 0.92 mm and 0.47 mm, 

respectively. (a) Single intensity image as taken with the setup of Figure 5.6. Polarimetric analysis 

according to Section 5.3.3 resulted in the spatial profiles of (b) the Stokes 𝑆0 parameter, (c) degree 

of polarisation, (d) the orientation angle Ψ and (e) ellipticity angle χ of the PE. Their combination in 

a pseudo-colour image shown in (f) was achieved as described in Section 5.3.4. 
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Figure 5.11: Experimentally obtained longitudinal beam calibration of the on-axis SoP 

along the central lobe for (left) the SR metasurface design and (right) the LR metasurface 

design. (a) The on-axis orientation angle Ψ(𝑧𝑖) exhibited the expected linear change with a 

experimentally observed periodicity 𝛬𝑒𝑥𝑝 of 3.45 mm, very close to the 3.57 mm predicted 

by the theoretical model of Eq. (5.3), whereas the (b) ellipticity angle χ(𝑧𝑖) remained close 

to 0º. (c) The axial SoP change represented a circular path along the equator on the 

Poincare sphere. The LR design exhibited similar behaviour with (d) a longer oscillation 

period of 35.7 mm (theory: 33.7 mm). Again, the (e) ellipticity angle remained close to 0º 

while (f) the path on the Poincare sphere was described by an equatorial oscillation. Each 

datapoint was obtained by circular averaging of pixel values within a circular aperture at the beam 

centre with 40 pixels (0.18 mm) diameter for the SR design and 80 pixel (0.36 mm) for the LR design. 
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Depicted on the Poincare sphere in Figure 5.11 (c), (f), this axial change of the central lobe 

polarisation represented a circular path along the equator with an experimentally observed 

oscillation periodicity 𝛬𝑒𝑥𝑝 of 3.45 mm for the SR design and 35.7 mm for the LR design, 

very close to the predicted values of 3.57 mm and 33.7 mm using the analytical model. 

We hence conclude that the presented probe beams were operating according to their 

intended function and were accurately described by the analytical model introduced in 

Section 5.2. Their axial polarisation profile was now calibrated for respective applications 

in sensing and imaging. 

 

5.4.2 Sensing of Diattenuating Properties 

In a first sensing experiment, a randomly oriented wire grid polariser (Ψtheo = 25º) was 

introduced into the beam path of the SR bi-axicon’s probe beam and compared to the 

calibration data of Figure 5.9 and Figure 5.11 (a)-(c). 

Figure 5.12 (a)-(d) shows the transverse 𝑆0 profile (polarised intensity) for (a), (b) the 

calibration without polariser and (c), (d) measurements with inserted polariser at axial 

positions that are polarised (a), (c) along the extinction or (b), (d) along the transmission axis 

of the inserted polariser. 

As expected, the polarised intensity 𝑆0 of the central lobe without polariser (calibration) 

remained more or less constant at both scan positions but a stark difference was observed 

after the polariser was inserted, with the beam centre polarised along the extinction axis in 

Figure 5.12 (c) completely absent yet nearly undisturbed along the transmission axis in (d) 

due to the polariser’s diattenuation. 

Examining the on-axis characteristic angles in (e) and (f), it is clear that the axial polarisation 

change observed in the calibration (blue datapoints) changed to a constant polarisation (red 

datapoints) that accurately described the polariser’s transmission axis to 26.7º±4.1º 

compared to the know value of 25º (±5º). The centre beam ellipticity in Figure 5.12 (d) 

remained low with only minor non-systematic deviations from the calibration, thereby 

confirming reliable measurement quality as discussed in Section 5.2.1.  

The on-axis polarisation oscillation with constant intensity of the calibration measurement 

was hence transformed by the polariser’s diattenuation into a constant on-axis polarisation 

with sinusoidally oscillating intensity. This experiment hence demonstrated the ability of the 

presented setup to probe the diattenuating behaviour of samples introduced into the beam 

path, such as conductive fibres or wires. 
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Figure 5.12: Effect of introducing a diattenuating medium (polariser with transmission axis 

at 25º ± 5º) into the bi-axicon’s beam path. The theoretical central lobe diameters 𝑤1 and 𝑤2 

obtained with Eq. (2.19) are shown in (a)-(d) as black dotted circles with diameter of 0.28 mm and 

0.15 mm, respectively. The transverse polarised intensity (𝑆0) profile is shown for (a), (b) the 

calibration without inserted polariser at axial positions corresponding to the polariser’s 

extinction and transmission axis, respectively, and (c), (d) again after inserting the polariser. 

The on-axis characteristic angles (e) Ψ(𝑧𝑖) and (f) χ(𝑧𝑖) show that the axial polarisation 

oscillation of the calibration is transformed into a constant polarisation with sinusoidal 

intensity oscillation along the propagation direction due to the polariser’s diattenuating 

behaviour. 

 

5.4.3 Sensing of the Refractive Index 

The setup’s capability to measure the RI of a homogeneous sample of known thickness was 

experimentally confirmed with a 5.65 mm thick HDPE slab introduced into the beam path 

of the SR design calibrated in Figure 5.9 and Figure 5.11 (a)-(c). 

The analytical model of Eq. (5.4) and Eq. (5.5), which was verified with large active area 

FDTD simulations in Section 5.2.2, was inverted to generate the coloured background in 

Figure 5.13 (a) that encoded the measured RI. Required input parameter for this were the 
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measured sample thickness and the Ψ-ordinate obtained from a linear fit though the 

unwrapped/linearised datapoints of the calibration scan (blue datapoints). 

 

 

Figure 5.13: (a) RI measurement of a 5.65 mm thick HDPE sample inside the beam path 

(black data points) exploiting the measured orientation angle Ψ and its sample-induced shift 

𝛥𝛹 = 76.9° ± 5.5° compared to the calibration (blue data points) as measurement channel. 

Using the analytical model of model of Eq. (5.4) and Eq. (5.5), shown as coloured 

background, the RI can be measured to 1.56 RIU ± 0.06 RIU, very close to its literature 

value of 𝑛𝐿𝑖𝑡 = 1.58 RIU [29] at 2.52 THz. (b) The respective axial ellipticity angle χ(𝑧𝑖) 

showed no significant or systematic deviation between both measurements. 

 

One can clearly see that the measurement including the HDPE sample (black datapoints) 

exhibited a shifted orientation angle ΔΨ that was constant at 76.9º±5.5º compared to the 

calibration for each axial position of the metasurface, as expected from model and 

simulations. Relating this shift to the underlying RI (colour) resulted in a measured RI of 

1.56 RIU ± 0.06 RIU averaged over all datapoints, which is in excellent agreement with the 

literature value for HDPE of 1.58 RIU at 2.52 THz [29]. 

The centre beam ellipticity in Figure 5.13 (b) remained low with only minor, non-systematic 

deviations from the calibration measurements, thereby confirming reliable measurement 

quality as discussed in Section 5.2.1. 

We hence demonstrated the successful, accurate, repeatable and robust measurement of a 

sample’s RI using the developed bi-axicon as a probe beam within a polarimetric microscope 

operating at 2.52 THz. 
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5.4.4 Polarimetric Image Resolution Gauged with the 1951 USAF Target 

 

 

Figure 5.14: Imaging results showing the pseudo-colour encoded SoP at three different scan 

positions (columns), corresponding to a (from left to right) |𝐻⟩,  |𝐷⟩ and |𝑉⟩ polarised beam centre. 

(a), (b) and (c) show the transverse beam profiles without sample (calibration) with the two white 

dash-dotted circles representing the beam’s expected central lobes spanned by 𝑤|L⟩  and 𝑤|R⟩, see 

Eq. (2.19). (d), (e), (f) show the respective result of introducing the USAF 1951 resolution target 

(group 1, element 4) of Figure 5.5 with three horizontally aligned lines (white dotted rectangles) 

that transmit light in contrast to their opaque surrounding. (g), (h), (i) show the results of the same 

target with the three vertically aligned lines (white dotted rectangles). The resolvable line width 𝐿 is 

176.78 µm (1.49 𝜆0). 

 

For imaging experiments, it is desirable to evenly illuminate a larger sample area 

corresponding to larger central lobe diameters w1,2. Consequently, the LR design introduced 

in Figure 5.10 with increased central lobe diameters 𝑤|L⟩  and 𝑤|R⟩  of 0.919 mm and 

0.467 mm (𝑔|L⟩ and 𝑔|R⟩ of 2.4 mm and 1.22 mm), respectively, was employed in the 
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subsequent imaging experiments. After the initial calibration scan without imaging target 

shown in Figure 5.11 (d), (e), (f), three axial positions (60 mm, 68.75 mm and 77.5 mm 

before the objective) of the metasurface corresponding to the central lobe polarisations |H⟩, 

|D⟩, |V⟩ were selected. The transverse beam profiles for these three axial positions are shown 

as pseudo-colour images in Figure 5.14 (a), (b), (c), respectively, with the two white circular 

dash-dotted lines in each image indicating the theoretic extend of the central lobes spanned 

by the diameters 𝑤|L⟩  and 𝑤|R⟩ determined with Eq. (2.19). For the colour map that aids to 

convert the depicted pseudo-colours into the Stokes polarisation parameter, the author refers 

to Figure 5.8. The beam’s centre (dash-dotted white circles with w1,2) retained its size, 

alignment and colour uniformity (representing the SoP uniformity) throughout the three scan 

positions, with changing hue (representing Ψ) between them. 

The entire transverse beam profile was blocked by the USAF 1951 imaging target  

(see Figure 5.5) introduced at the object plane of the magnifying objective – except for the 

set of three cut-out lines that are represented (to scale) by the three white dashed rectangles 

in Figure 5.14 (d)-(i). As shown in Figure 5.14 (d), (e), (f) and (g), (h), (i), the three horizontal 

and vertical lines of group 1 element 4, respectively, can be identified for all three central 

lobe SoPs, corresponding to a remarkable resolvable line width 𝐿of 176.78 µm, or 1.49 𝜆0. 

We can hence conclude that the developed polarimetric imaging microscope operates as 

intended with an accurately predicted magnification and beam centre size, a good 

polarimetric image contrast shown in pseudo-colour as well as a high spatial resolution of at 

least 1.49 λ, close to the diffraction limit (0.5 λ.).These results might well constitute the best 

image resolution thus far demonstrated at 2.52 THz. 

 

5.4.5 Polarimetric Imaging of Carbon Fibres in Polymer Matrix 

To assess the imaging performance for NDT, a composite sample consisting of randomly 

oriented carbon fibres (average diameter of 5.1 µm ± 1.4 µm, length of 3-8 mm) sandwiched 

between two thin PTFE discs (0.5 mm thick) that was previously shown in Figure 5.5 (c) 

and (d), was investigated with the same three incident beam polarisations in Figure 5.15. 

Compared to the respective calibration images in Figure 5.15 (a)-(c), the corresponding 

images using the PTFE composite sample clearly show the colour contrast of a vertically 

oriented fibre (white dotted rectangle as guide for the eye) in the beam centre of Figure 

5.15 (e) for |D⟩ illumination and Figure 5.15 (f) for |V⟩ illumination, but not in Figure 5.15 
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(d) for |H⟩ illumination. This observation can be explained by the carbon fibre’s linear 

diattenuation, stemming from its electric conductivity and anisotropic shape with 

subwavelength diameter. A vertically oriented fibre will reflect |V⟩ and transmit  |H⟩ light 

therefore it will only create polarimetric image contrast if the incident SoP possesses a 

component of |V⟩ light. The carbon fibre therefore remains hidden in Figure 5.15 (d) since 

all incident |H⟩ light is transmitted without interaction with the fibre. 

 

 

Figure 5.15: Imaging results showing the pseudo-colour encoded SoP at three different scan 

positions (columns) corresponding to (from left to right) |𝐻⟩,  |𝐷⟩ and |𝑉⟩ beam centres. (a), (b) 

and (c) show the respective beam profiles without sample (calibration). (d), (e), (f) The images 

produced with carbon fibres sandwiched between two PTFE slabs (0.5 mm). The polarisation 

contrast of the fibre (white dashed rectangle as guide for the eye) is evident for incident SoPs 

comprising a partial |𝑉⟩ component owing to the fibre’s diattenuation and orientation. 

 

This result highlights the importance of both illuminating an unknown sample with several 

different polarisations, as well as polarimetric image analysis, validating the imaging 

approach chosen in this work. Although further work and optimisations are admittedly 

required for an industrially viable application in NDT imaging, these results nevertheless 

successfully outlined and demonstrated the capability to detect and quantify polarisation-

dependent effects with high accuracy and resolution at terahertz frequencies by utilising 
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ultra-compact and efficient beam forming metasurface optic, hence substantiating the 

approach chosen within this work. 

 

5.5  Conclusion and Future Work 

This chapter demonstrated the capability of the presented metasurface optics to integrate 

complex beam forming capabilities into a single, ultra-compact and highly efficient optical 

layer to control both the transmitted phase front and polarisation front.  

The generated probe beam consisted of two independently controlled and orthogonally 

polarised Bessel beams that caused a well-defined on-axis oscillation of the SoP. A simple 

set of design parameter – namely the two orthogonal grating periods 𝑔1and 𝑔2 and their 

respective OPB - was shown to control the important beam characteristics, such as focal 

length, central lobe diameter, the period of axial polarisation oscillation and its path along 

the Poincare sphere. An analytical model was developed to describe the physics behind the 

on-axis change of the SoP as function of these design parameter, which accurately described 

observed results of both numerical large active area simulations and experimental results.  

The obtained probe beam was found to be robust against longitudinal and transverse 

misalignments, with previously reported self-healing capabilities after encountering an 

obstruction [358]. In particular, probe beams with circularly polarised OPB were found to 

exhibit an exceptionally robust and accurate axial correlation between the PE’s orientation 

angle and the axial coordinate 𝛹 ∝ 𝑧𝑖, which rendered 𝛹 ideally suited as accurate 

measurement channel. This was due to the special circumstance that deviations caused by 

transverse misalignment or intensity imbalances were exclusively concentrated in the axial 

relation of the ellipticity angle 𝜒 ∝ 𝑧𝑖, which was hence ideally suited to assess the image 

quality and setup alignment. This division between accurate measurement channel and 

tainted quality channel helped to achieve the remarkably accurate sensing results and aided 

the optimisation of the optical assembly later. 

The probe beam’s prospects in sensing applications were briefly outlined and experimentally 

confirmed by accurately determining the diattenuation and RI of respective samples 

introduced into the beam path of the experimental setup. This was achieved by designing an 

elaborate imaging setup that involved a custom-build telecentric objective which 

incorporated polarimetric capabilities via the rotating QWP method [179].  
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For polarimetric imaging, a pseudo-colour encoding routine was developed to intuitively 

depict the multi-dimensional SoP within a single image. An experimental image resolution 

of at least 1.49 𝜆0 was demonstrated using the 1951 USAF target. Carbon fibres in a polymer 

matrix were then imaged at different incident SoPs to showcase the fibres diattenuating 

nature and the setup’s capabilities for polarimetric microscopy of composite materials, 

thereby demonstrating the first setup towards an important industrial application. 

Future work might extend investigations on the probe beam’s ideal parametric design for RI 

measurements with high accuracy and/or dynamic range, or the theoretical description and 

experimental characterisation of a sample’s birefringence. Extending the design to involve 

the more complex frozen wave method [33, 471, 472] would improve the control over the 

on-axis intensity profile of the probe beams and hence their uniformity. Further 

investigations to simultaneously characterise the fibre orientation and RI/thickness of the 

polymer matrix would underline the setup’s value for NDT imaging. 

While the presented experiments aimed to explore the absolute resolution limit of the 

developed technique, future work on polarimetric imaging will require larger FOV, either 

via point-by-point transverse scanning of the sample relative to the beam, or by 

interchangeable objectives with lower magnification. Such techniques to measure a 2D map 

of the sample’s birefringence, diattenuation or RI would be invaluable for the 

characterisation of micro-crystallinity, micro-fibres or inclusions within the polymer. 

Significant limiting factors for the image quality and resolution observed upon experiments 

were a small degree of beam wander upon rotation of the QWP, as well as fluctuations of 

the beam power encountered upon polarimetric image acquisition. To address these issues, 

a compact polarimeter that is capable of fast measurements of the entire polarimetric 

information within a single image while avoiding moving parts (except for the probe beam) 

would be of great benefit to simplify polarimetric measurements and improve the obtained 

polarimetric accuracy. Consequently, such a division-of aperture polarimeter (DoAP) that 

was integrated into a single metasurface layer was designed and tested in Chapter 6. 
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Chapter 6 : Polarimetry with a Beam analysing Metasurface 

6.1  Motivation 

The state of polarisation (SoP) is a fundamental property of electromagnetic radiation that 

can carry a rich set of important information imprinted in the light transmitted through a test 

sample, as has been shown in the previous Chapter 5. There are a wide range of polarisation-

dependent material interactions (circular or linear) and polarising effects that can be 

observed including diattenuation [473], birefringence [181] and Brewster’s law [189] to 

name a few. The ability to measure the SoP accurately and quickly is hence of significance 

to a wide range of applications in material characterisation such as ellipsometry [474], 

polarimetric imaging [32, 475, 476] and NDT [32, 474]. The technological significance of 

polarimetry is on par with spectroscopy and uncovers an independent dimension to carry 

information within light, e.g. for polarisation division multiplexing in wireless 

communication [477]. 

Despite the multitude of potential applications, the SoP remains difficult to exploit in 

practice since its measurement typically requires complex apparatus with multiple moving 

parts. Polarisation analysing instruments aim to determine the four Stokes parameter and 

require the quantitative measurement of at least four different SoPs that ideally form a 

tetrahedron within the Poincare sphere (octahedron for six measurements) [32]. Traditional 

instruments based on classical components perform these measurements either sequentially 

(division of time) e.g., via the rotating QWP method described in Section 5.3.3, or in parallel 

e.g., using a division of aperture polarimeter (DoAP) [473]. Each method has drawbacks 

since sequential measurements are time-consuming and prone to errors arising from 

fluctuations between individual measurements, while in parallel setups are typically 

complex, less efficient and more expensive [473]. 

Metasurface-based polarimeters (MSP) have considerable potential to overcome the 

mentioned drawbacks associated with the DoAP design while achieving ultra-fast 

measurements of the SoP in a single image. Thus, MSPs have recently been studied 

extensively to obtain improved performance, extreme compactness and straightforward 

integrability at the system-level [30, 32, 177, 222, 223, 284, 475, 478-480]. Some advanced 

designs demonstrated polarimetric imaging capabilities that allowed for video-rate 

polarimetric inspection and characterisation of large sample areas [32, 475]. 
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This chapter presents work on the design of a metasurface polarimeter (MSP) that 

incorporated the entire functionality of a division-of-aperture-polarimeter (DoAP) with high 

efficiency into a single silicon layer without the need for moving parts. Section 6.2 will 

describe the design underlying the presented MSP based on three interlaced lattices and its 

inherent capabilities. Section 6.3.1 describes the experimental setup and measurement 

methodology employed for all polarisation measurements presented in this chapter. An 

automated calibration process and polarimetric analysis algorithm is described in 

Section 6.3.2, which was found to add considerable robustness to systematic error sources 

in practice. Section 6.4.1 presents experimentally obtained qualitative results of the six 

calibration measurements, which show perfect agreement with both respective collective 

simulations and the intended operation. The quantitative determination of the SoP from a 

single experimentally obtained image is shown in Section 6.4.2 for 64 individual 

measurements of 14 different SoPs, with an average experimental accuracy of 92.1 % ± 

4.2 % that is on par with published results at 800 nm [479] and 1550 nm [284]. Extended 

collective simulations presented in Section 6.4.3 reveal prospects of our metasurface design 

for broadband operation and the measurement of partially polarised light. Section 6.5 will 

conclude this chapter and outline future avenues to employ the presented metasurface for 

spectral polarimetry and polarimetric imaging. 

 

6.2 Interlaced Metasurface Design 

The design of the MSP developed in this work divided the hexagonal arrangement of pillars 

into three hexagonal sub-lattices with individual (next-) nearest neighbour distance D1 of 

69.3 µm, known as interleaved spatial multiplexing [481, 482]. The pillars of each sub-

lattice shown in Figure 6.1 (a) encoded a pair of independent phase functions on orthogonal 

SoPs as described in Section 3.3, namely linearly horizontal |H⟩ and vertical |V⟩ polarised 

(yellow square), linearly diagonal |D⟩ and anti-diagonal |A⟩ polarised (green triangle), and 

right |R⟩ and left |L⟩ circularly polarised (red circle). Phase functions of spherical off-axis 

lenses φ1−6(x, y) with the focal length f were chosen for these six SoPs, see Eq. (6.1). 

Each of these six phase functions 𝜑1−6 generated one of six differently polarised focal points 

observed at different off-axis positions in the focal plane. The individual off-axis 

 𝛗𝟏−𝟔(𝐱, 𝐲) =
𝟐𝛑

𝛌𝟎
(𝐟 − √[𝐟𝟐 +  (𝐱 − 𝐱𝟎)𝟐 + (𝐲 − 𝐲𝟎)𝟐]) (6.1) 
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displacements ∆xy= |(x0, y0)| were chosen to arrange the six focal points at the vertices of 

a regular hexagon around the optical axis to ensure equal amounts of aberrations for every 

focal point, with a spacing that spanned the camera’s sensor area as shown in Figure 6.1 (b). 

The fabricated metasurface showed no significant fabrication defects, see Figure 6.1 (c). 

 

 

Figure 6.1: (a) The zoomed-in surface profile of the fabricated metasurface (pillar’s top 

surface in blue, etch floor in white) obtained by WLI showing the three hexagonal sub-

lattices (coloured symbols). (b) The off-axis displacements ∆𝑥𝑦  were optimised to arrange 

all six focal points along the vertices of a regular hexagon (cyan arrows) that spanned the 

camera’s sensor area, as indicated by the green and yellow dimensions. (c) Optical image 

of the fabricated metasurface used to obtain the experimental results of this Chapter 6. The 

pattern was essentially free of defects - apart from dust particles that deposited after the 

fabrication was already completed and minor tweezer damage in the bottom left corner. 

 

6.3  Experimental Setup and Data Analysis 

6.3.1 Optical Setup and Measurement Methodology 

The experimental setup for both the calibration and polarisation measurements is depicted 

in Figure 6.2. The terahertz source (FIRL 295, Edinburgh Instruments) delivered a 

collimated |H⟩ polarised Gaussian CW beam (1/e diameter ca. 11 mm) of up to 150 mW at 

2.52 THz. A combination of non-polarising beam splitter and power meter created a 

reference arm to monitor power fluctuations via Iref,k [223]. However, these fluctuations 

only had to be considered during the calibration process and not in subsequent SoP 

measurements since each image was self-referenced, which highlights a key advantage of 

this measurement method compared to the previously employed rotating QWP method 

described in Section 5.3.3. In the measurement arm, an initial pair of polarisers allowed for 



133 

 

 

 

dynamic adjustments of the beam intensity with WGP 1 while WGP 2 transmitted |H⟩ 

polarised light. The arbitrary polarisation generator (APG) consisted of a HWP (angle α) 

followed by a linear polariser (angle 2α) and QWP (angle β). The collimated beam incident 

on the MSP was split up into the hexagonal set of focal points 82 mm behind the MSP and 

imaged by the terahertz camera (INO MicroXCam-384-THz). Spatially resolved 

polarimetric images can be obtained in principle by placing the image sensor outside the 

focal plane – or by integration of the MSP into a magnifying objective as described in [32] 

- but this was beyond the scope of this work. 

The experimental results presented in this chapter were obtained within a single 

measurement series. The camera sensor was initially calibrated and zeroed with blocked 

beam path before the first image was recorded. Every image thereafter was averaged over 

60 frames at 50 Hz (1.2 s integration time) while the average beam power detected in the 

reference beam path 𝐼𝑟𝑒𝑓,𝑘 was noted. The first image was taken for 𝛼 = 0°, 𝛽 = 0°, after 

which images with incrementally increasing QWP angle 𝛽 in steps of 22.5° were obtained 

until the image for 𝛽𝑚𝑎𝑥 = 157.5° was recorded. Next, the HWP angle α was increased by 

22.5° and the next set of 8 images were taken with 𝛽 increasing again incrementally from 0° 

to 157.5° until all 64 images were recorded (𝛼𝑚𝑎𝑥 = 157.5°, 𝛽𝑚𝑎𝑥 = 157.5°). 

 

 

Figure 6.2: Schematic of the setup employed for the calibration and SoP measurements. BS: 

non-polarising beam splitter, PM: power meter, WGP: (linear) wire grid polariser, 

HWP/QWP: Half/Quarter wave plate. 
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6.3.2 Calibration Process and Polarimetric Analysis 

The theoretically expected Stokes vector S⃑ t of each image was calculated with  

Eq. (6.2) using the Mueller Matrices Mi of each optical element i shown in Figure 6.2 with 

their respective orientation angles α, β and the Stokes vector S⃑ in = (1 1 0 0)T for the 

incident |H⟩ polarised light. The Mueller matrix of a linear polariser is given by Eq. (6.3), 

whereas linear retarders are described by Eq. (6.4) (QWP for Δ=π/2, HWP for Δ=π) both 

with a generic orientation angle γ [483]. 

 

 

Table 6.1: Summary of the six degenerate SoP measurements selected for the calibration of 

the MSP, including their Stokes vectors 𝑆 𝑡, HWP/QWP angles 𝛼 / 𝛽 and reference intensity 

𝐼𝑟𝑒𝑓,𝑛. The intensity distribution at their focal plane is shown in Figure 6.5. 

SoP 
Theoretical  

Stokes vector 𝐒 𝐭 

HWP angle 𝜶 

[º] 

QWP angle 𝜷 

[º] 

𝑰𝒓𝒆𝒇,𝒏  

[mW] 

|H⟩ (1 1 0 0)T 90 90 7.8 

|V⟩ (1 −1 0 0)T 135 90 7.8 

|D⟩ (1 0 1 0)T 112.5 135 8.2 

|A⟩ (1 0 −1 0)T 157.5 135 7.6 

|R⟩ (1 0 0 1)T 157.5 90 8.0 

|L⟩ (1 0 0 −1)T 157.5 0 7.4 

 

Calibration measurements including an automated analysis script were necessary to calibrate 

the entire setup prior to measurements of arbitrary SoPs [223, 284, 484]. This calibration 

required six images with incident light of the six degenerate SoPs, which were deliberately 

 𝐒 𝐭 = 𝐌𝐐𝐖𝐏(𝛃) ∙ 𝐌𝐋𝐏(𝟐𝛂) ∙ 𝐌𝐇𝐖𝐏(𝛂) ∙ 𝐒 𝐢𝐧 (6.2) 

 𝐌𝐋𝐏(𝛄) =
𝟏

𝟐
(

𝟏 𝐜𝐨𝐬 𝟐𝛄 𝐬𝐢𝐧𝟐𝛄 𝟎

𝐜𝐨𝐬 𝟐𝛄 𝐜𝐨𝐬𝟐 𝟐𝛄 𝐬𝐢𝐧 𝟐𝛄 𝐜𝐨𝐬 𝟐𝛄 𝟎

𝐬𝐢𝐧 𝟐𝛄 𝐬𝐢𝐧 𝟐𝛄 𝐜𝐨𝐬 𝟐𝛄 𝐬𝐢𝐧𝟐 𝟐𝛄 𝟎
𝟎 𝟎 𝟎 𝟎

) (6.3) 

 𝐌𝐑𝐞𝐭(𝛄) =
𝟏

𝟐
(

𝟏 𝟎 𝟎 𝟎
𝟎 𝐜𝐨𝐬𝟐 𝟐𝛄 + 𝐜𝐨𝐬𝚫 𝐬𝐢𝐧𝟐 𝟐𝛄 (𝟏 − 𝐜𝐨𝐬𝚫) 𝐬𝐢𝐧 𝟐𝛄 𝐜𝐨𝐬 𝟐𝛄 𝐬𝐢𝐧 𝚫 𝐜𝐨𝐬 𝟐𝛄

𝟎 (𝟏 − 𝐜𝐨𝐬𝚫) 𝐬𝐢𝐧 𝟐𝛄 𝐜𝐨𝐬 𝟐𝛄 𝐬𝐢𝐧𝟐 𝟐𝛄 + 𝐜𝐨𝐬 𝚫 𝐜𝐨𝐬𝟐 𝟐𝛄 −𝐬𝐢𝐧 𝚫 𝐜𝐨𝐬 𝟐𝛄
𝟎 −𝐬𝐢𝐧 𝚫 𝐬𝐢𝐧 𝟐𝛄 𝐬𝐢𝐧 𝚫 𝐜𝐨𝐬 𝟐𝛄 𝐜𝐨𝐬 𝚫

) (6.4) 
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selected from the 2nd half of the recorded measurement series to include the effect of a 

spatially uneven increase of the dark count throughout the calibration process. This deviation 

was presumably caused by a combination of thermal heating upon prolonged operation and 

an unideal gain correction table of the camera, which further highlights the robustness of the 

chosen calibration method to systematic sources of errors. Table 6.1 summarises the 

calibration measurements with their respective SoPs and Stokes vectors. The flowchart of 

the algorithms used to calibrate the setup and perform polarimetric measurements from a 

single image are summarised in Figure 6.3 (a) and (b), respectively. 

For each (calibration) image 𝑘, the script zeroed the measured intensity column wise (𝑐𝑜𝑙) 

with the minimum raw pixel value 𝑀𝑖𝑛 [𝐼𝑟𝑎𝑤,𝑘(𝑐𝑜𝑙)] of each respective column because the 

employed bolometric sensor showed a column-dependent increase of its dark count over 

time. Every pixel of an calibration image 𝑘 was then scaled by a factor accounting for power 

fluctuation of the reference beam 𝐼𝑟𝑒𝑓,𝑘 relative to the maximum power detected during all 

calibration images 𝑀𝑎𝑥[𝐼𝑟𝑒𝑓,𝐾], as shown in Eq. (6.5). 

For each (calibration) image 𝑘, the script then located the peak positions of each focal point 

𝑙 and performed an individual background correction with subsequent 2D Gaussian fit to 

quantify the integrated intensities 𝐼(𝑘, 𝑙) of each respective focal point. The background 

correction was performed by subtracting the averaged value of pixels that formed a circular 

path (R = 25pixel) around the peak position. These integrated intensities were arranged 

within a 6×6 intensity matrix 𝐼𝐶 in Eq.(6.6), while the respective theoretically expected 

Stokes vectors 𝑆 𝑡(𝑘) of each image’s incident SoP formed the columns of the 4×6 Stokes 

Matrix 𝑆𝐶, see Eq. (6.7). Finally, the 6×4 calibration matrix 𝐶 was generated in Eq. (6.8) 

with the pseudo-inverse of 𝑆𝐶. 

 

 𝑰𝒌 = (𝑰𝒓𝒂𝒘,𝐤(𝒄𝒐𝒍) −𝑴𝒊𝒏 [𝑰𝒓𝒂𝒘,𝐤(𝒄𝒐𝒍)]) ∙
𝑴𝒂𝒙 [𝑰 𝒓𝒆𝒇,𝐊]

𝑰𝒓𝒆𝒇,𝐤
 (6.5) 

 𝑰𝑪 = [

𝑰(𝟏, 𝟏) … 𝑰(𝟔, 𝟏)
⋮ 𝑰(𝒌, 𝒍) ⋮

𝑰(𝟏, 𝟔) … 𝑰(𝟔, 𝟔)
] (6.6) 

 𝑺𝑪 = [�⃑⃑� 𝒕(𝐤 = 𝟏) … �⃑⃑� 𝒕(𝐤 = 𝟔)] (6.7) 

 𝑪 = 𝑰𝑪 ∙ 𝒑𝒊𝒏𝒗(𝑺𝑪) (6.8) 
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Figure 6.3: Flow-chart of the algorithms to (a) calculate the calibration matrix 𝐶 from six 

calibration measurements of degenerate SoPs and (b) determine the Stokes vector 𝑆𝑚 of an 

arbitrary incident SoP from a single image. 

 

Once the calibration matrix was obtained, individual SoP measurements were analysed by 

obtaining the 1×6 intensity vector Im of an individual image of unknown SoP as described 

above (for K = 1). The SoP was subsequently identified via its 4×1 Stokes vector S⃑ m 

calculated according to Eq. (6.9) using the pseudo-inverse of the calibration matrix. 

Within the grayscale range of the camera’s sensor, each pixel’s recorded signal should 

respond to thermal heating with the same linear relation that is also observed for a 

respectively increased influx of terahertz radiation due to the underlying bolometric 

detection. As such, the effects of heating and an uneven gain correction table should be 

accounted for by the calibration method of the MSP. Nevertheless, a recalibration before 

every new set of measurements or upon every restart of the setups is advisable. 

 

 �⃑⃑� 𝒎 = 𝒑𝒊𝒏𝒗(𝑪) ∙ 𝑰𝒎 (6.9) 
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6.4  Collective Simulations and Experimental Results  

6.4.1 Calibration Measurements compared to Collective Simulations 

The six degenerate SoPs incident on the MSP that were required for the calibration process 

were chosen as summarised in the previously shown Table 6.1. 

 

 

Figure 6.4: Collective simulations of the MSP in Lumerical FDTD solutions for six incident 

SoPs: (a) |𝐻⟩, (b) |𝐷⟩, (c) |𝑅⟩, (d) |𝑉⟩, (e) |𝐴⟩ and (f) |𝐿⟩ polarised light. Each image shows 

the transverse spatial distribution of the normalised intensity (E2) at the focal plane 

𝑓 = 3.2 mm behind the metasurface. In each image, the focal spots originating from the six 

phase functions are labelled with their respective SoP with a designed off-axis displacement 

∆𝑥𝑦 of 0.6 mm. The intensity distribution between these six focal spots changes as function 

of the incident SoP, as intended by the chosen interlaced design. 

 

Collective simulations of a downscaled metasurface in Lumerical FDTD Solutions 

confirmed the intended operation of the MSP in Figure 6.4, exhibiting a hexagonal set of six 

differently polarised focal points. The intensity distribution between these six focal points 

changed as a function of the SoP incident to the metasurface in Figure 6.4. For example, 
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incident |H⟩ polarised light in Figure 6.4 (a) resulted in equal intensities of the |D⟩, |A⟩, |R⟩ 

and |L⟩ focal points, but a dominant |H⟩ and absent |V⟩ focal point. 

The respective experimentally obtained calibration measurements are depicted in Figure 6.5 

and show excellent agreement with the simulations of Figure 6.4, thereby confirming the 

intended operation of both the fabricated metasurface and experimental setup. The 

normalisation of each individual image 𝐼 shown in Figure 6.5 included the subtraction of the 

average pixel value 𝐴𝑣𝑔(𝐼) according to Eq. (6.10) in order to take account to the increasing 

dark count caused by heating. 

 

 

Figure 6.5: Experimentally obtained calibration images of the MSP with incident light of 

the six degenerate SoPs: (a) |𝐻⟩, (b) |𝐷⟩, (c) |𝑅⟩, (d) |𝑉⟩, (e) |𝐴⟩ and (f) |𝐿⟩. Each image 

shows the detected intensity at the focal plane 𝑓 = 82 mm behind the metasurface. In each 

image, the focal spots originating from the six phase functions are labelled with their 

respective SoP with a designed off-axis displacement ∆𝑥𝑦 of 3.88 mm. The intensity 

distribution between these six focal spots changes as function of the incident SoP, in 

excellent agreement with the simulations of Figure 6.4. 

 

 

 𝑰𝒏𝒐𝒓𝒎 =
𝑰 −𝑴𝒊𝒏(𝑰) − 𝑨𝒗𝒈(𝑰)

𝑴𝒂𝒙(𝑰) −𝑴𝒊𝒏(𝑰)
 (6.10) 
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Despite this subtraction, one can still clearly see an increased dark count at the (bottom) right 

side of each image, indicating a spatially uneven gain or heating effect. As mentioned 

previously, the dark signal – observed as average pixel count in Figure 6.5 – increased during 

prolonged experiments due to heat generation from both the FIRL and image sensor. In the 

analysis algorithm, this was accounted for by including the background correction for each 

focal spot. Another important benefit of the employed calibration was that systematic non-

uniformities of the setup were accounted for as well, such as the systematically lower 

intensity detected at the sensor’s right side e.g., the |L⟩ and |A⟩ focal points should be as 

bright as their opposing |R⟩ and|D⟩ focal points in Figure 6.5 (a), etc. 

 

6.4.2 Single-Shot Polarimetric Measurements 

Using the calibration matrix C obtained as described by Eq. (6.8) from the six calibration 

images that were summarised in Table 6.1 and shown in Figure 6.5, the Stokes vectors 𝑆 𝑚 

of each of the 64 individual images 𝑚 could be retrieved with Eq. (6.9), which included the 

calibration images itself. These 64 experimentally obtained Stokes vectors 𝑆 𝑚 using the MSP 

could then be compared to their 14 theoretically expected8 Stokes vectors S⃑ t obtained from 

Eq. (6.2) with the known orientation angles α and β of the APG. 

Figure 6.6 (a) shows the expected SoP (S⃑ t) as coloured cubes with their measured SoP (𝑆 𝑚) 

as points of respective colour on the Poincare sphere. To simplify the graphic illustration 

into a 2D format, the azimuth angle 2Ψ and latitude angle 2χ were calculated for each 

datapoint from the Stokes vector’s three parameter 𝑆1-𝑆3 according to Eq. (6.11) and 

Eq. (6.12), respectively, and plotted in the equirectangular projection of Figure 6.6 (b). 

 

 

 

8 The 64 measurements included duplicate SoPs e.g., 𝛼 = 0°, 𝛽 = 0° is in the same SoP as  

𝛼 = 90°, 𝛽 = 0° or 𝛼 = 0°, 𝛽 = 90° or 𝛼 = 90°, 𝛽 = 90°. As such, 12 different SoPs were measured 4 times 

each while the two circular SoPs were measured 8 times each, amounting to 14 different SoPs measured. 

 𝟐𝜳 = 𝒂𝒓𝒄𝒕𝒂𝒏 (
𝑺𝟐
𝑺𝟏
)       (𝟎 < 𝜳 ≤ 𝝅) (6.11) 

 𝟐𝝌 = 𝒂𝒓𝒄𝒕𝒂𝒏(
𝑺𝟑

√𝑺𝟏
𝟐 + 𝑺𝟐

𝟐
)       (−

𝝅

𝟒
< 𝜳 ≤

𝝅

𝟒
) (6.12) 
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Figure 6.6: (a) Illustration of the Poincare sphere showing the theoretically expected SoP 

𝑆 𝑡 incident on the MSP calculated from the known orientation angles α (HWP) and β (QWP) 

of the APG (14 coloured cubes) compared to the SoP retrieved from the measured images 

𝑆 𝑚 (64 respectively coloured spherical markers) using the measurement and analysis 

methodology presented in Section 6.3. These results are easier to interpret in the (b) 

equirectangular 2D projection using the azimuth and latitude angles 2Ψ and 2χ, 

respectively. (c) The measurement accuracy as defined by Eq. (6.13) and Eq. (6.14) for the 

different orientation angles 𝛼 and 𝛽 of the APG. 

 

It is qualitatively apparent from these results that the calibrated setup employing the MSP 

accurately and reproducibly predicted the incident SoP from a single image of the focal 

plane. The measurement accuracy ηexp was defined in Eq. (6.13) to quantify the results 

using the normalised orthodromic distance dcirc (radius = 1) between theoretically expected 

(subscript t) and experimentally measured (subscript m) SoP in Eq. (6.14). Figure 6.6 (c) 
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shows this measurement accuracy for each setting of the APG’s orientation angles 𝛼, 𝛽, 

which seemingly followed an arbitrary pattern. 

The averaged measurement accuracy of all 64 measurements was 92.1 % ± 4.2 % with a 

minimum value of 82.8 %. This accuracy is on par with published results of comparable 

MSPs obtained at technologically less challenging spectral ranges, e.g. 92.4 % ± 4.2 % from 

48 measurements at 800 nm [479] and 97.2 % ± 2.5 % from 18 measurements at  1550 nm 

[284]. It can thus be concluded that the MSP presented in this chapter successfully measured 

the SoP at terahertz frequencies with high precision and repeatability, even in comparison to 

respective MSPs operating with more mature equipment at different wavelengths. 

 

6.4.3 Simulation of broadband behaviour and (partially) unpolarised light 

The performance of the MSP under broadband illumination and with incident (partially) 

unpolarised light was qualitatively explored with adapted FDTD simulations in Figure 6.7. 

Figure 6.7 (a), (b) indicate a good operational bandwidth for the MSP (νopt = 2.52 THz) 

between ca. 3.53 THz and 2.24 THz, respectively, if the shifted focal length 𝑓 due to 

negative chromatic aberration [255] was considered. The lower frequency boundary shown 

in Figure 6.7 (b) is expected to be limited by the small focal length chosen in the presented 

simulations, which was further compressed towards increasingly inefficient diffraction 

angles, i.e. high NA [283, 483]. Designs with a larger chosen focal length are expected to 

show acceptable operation below 2.0 THz, extending the already impressive potential 

operational range Δν from 1.29 THz to beyond 2 THz. Unfortunately, such designs with 

large focal length could not be simulated due to the immense computational costs associated 

with increased simulation volumes when using the FDTD algorithm [483]. These 

preliminary broadband simulations assumed a negligibly small dispersion of silicon within 

the simulated spectral region from 1.5 THz to 3.5 THz, supported by literature [126]. 

Unpolarised light, which can be regarded as superposition of any pair of orthogonal SoPs 

with equal intensity, led to all six focal spots excited with equal intensity in Figure 6.7 (c). 

The analysis of partially polarised light is hence also possible as shown in Figure 6.7 (d) for 

|H⟩ polarised light with DOP of 0.5. The |𝐻⟩ polarised spot is dominant (100 % intensity) 

 𝛈𝐞𝐱𝐩 = (𝟏 − 𝐝𝐜𝐢𝐫𝐜) ∙ 𝟏𝟎𝟎 % (6.13) 

 𝐝𝐜𝐢𝐫𝐜 =
𝟏

𝛑
𝐚𝐜𝐨𝐬[𝐜𝐨𝐬(𝟐𝚿𝐭) 𝐜𝐨𝐬(𝟐𝚿𝐞) 𝐜𝐨𝐬(𝟐𝛘𝐭 − 𝟐𝛘𝐞) + 𝐬𝐢𝐧(𝟐𝚿𝐭) 𝐬𝐢𝐧(𝟐𝚿𝐞)]  (6.14) 
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while the |D⟩, |A⟩, |R⟩, |L⟩ spots are of equal intermediate intensity (50 % intensity). 

However, a weak |V⟩ polarised spot was observed with approx. 25% intensity, which had 

previously been absent (0 % intensity) under fully |H⟩ polarised incidence (DOP=1) in 

Figure 6.4 (a). These preliminary results are hence encouraging, albeit more work is needed. 

 

Figure 6.7: Collective simulations of the MSP in Lumerical FDTD solutions. Adjusted focal 

plane under |𝐻⟩ incidence of radiation with (a) 3.54 THz (85 µm) at 𝑓 = 4.58 mm and 

(b) 2.24 THz (134 µm) at 𝑓 = 3.08 mm behind the metasurface. (c) Focal plane at 

𝑓 = 3.2 mm with unpolarised (𝐷𝑂𝑃 = 0.0) incident light and (d) partially |𝐻⟩ polarised light 

(𝐷𝑂𝑃 = 0.5) of 𝜈𝑜𝑝𝑡 = 2.52 THz. Each image shows the transverse spatial distribution of 

the normalised intensity (E2). In each image, the focal spots originating from the six phase 

functions are labelled with their respective SoP. 
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6.5  Conclusion and Future Work 

In conclusion, the design and experimental verification of a metasurface functioning as 

division of aperture polarimeter (DoAP) at terahertz frequencies was presented. The 

anisotropic meta-pillars were grouped into three interlaced sub-lattices that enabled the 

choice of independent phase functions for all six degenerate SoPs. The equidistant off-axis 

focusing of all six phase functions on to the vertices of a regular hexagon ensured approx. 

equal aberrations for each focal point. Interleaving the sub-lattices throughout the entire 

active area ensured an operation that was invariant to small transverse or longitudinal 

misalignments of the metasurface while providing a large aperture to collect incident 

radiation, unlike earlier designs based on segmented aperture division [481, 482, 485]. The 

intended operation was confirmed with collective simulations that were found to be in 

excellent agreement with experimental results. 

To quantify the SoP from each individual image using the Stokes parameter, a calibration-

based measurement methodology was developed and automated with a self-written analysis 

algorithm. The calibration took account of systematic error sources, such as increasing dark 

signal owing to uneven sensor heating, spatially varying pixel sensitivity and slight axial 

misalignments of the metasurface. The SoP determined from the obtained images 

consistently agreed with the known SoP, with an experimentally obtained accuracy of 

92.1 % ± 4.2 % obtained from 64 measurements. Notably, this accuracy and repeatability is 

on par with published results of comparable MSPs obtained at technologically less 

challenging spectral ranges, e.g. 92.4 % ± 4.2 % from 48 measurements at 800 nm [479] 

and 97.2 % ± 2.5 % from 18 measurements at  1550 nm [284]. 

Preliminary broadband simulations indicate an exceptionally large operation bandwidth of 

at least 1.29 THz thanks to the very low dispersion of Silicon around the design frequency 

of 2.52 THz [126], and the analysis of (partially) unpolarised light appears feasible as well. 

We expect the proposed MSP to be of considerable interest for applications in polarimetric 

terahertz imaging and sensing for NDT owing to the straight-forward integrability of the 

metasurface as silicon window of the employed terahertz camera. Of particular interest for 

future work would be to test the broadband operation of the presented MSP within a THz-

TDS or integrate the metasurface within an objective to explore polarimetric imaging 

capabilities as described in [32, 486]. Extending the experimental setup of Figure 6.2 to 

explore the MSP’s capability to characterise partially polarised light including the degree of 
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polarisation with an APG as described in [487] would be of great interest as well. At last, it 

shall be mentioned that initial plans aimed to combine both, the beam forming metasurfaces 

introduced in Chapter 5 and the beam analysing metasurface introduced in this chapter 

within a single demonstrator system for NDT and polarimetric imaging, which was supposed 

to be solely based on metasurface optics. However, the final steps towards this goal were 

unfortunately outwith the scope of this work i.e., due to delays caused by the COVID-19 

pandemic. 
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Chapter 7 : Summary, Discussion and Future Work 

7.1  Introduction 

This chapter aims to summarise the achievements and findings that were presented 

throughout this thesis and evaluate them in the broader context of their significance to both 

the scientific community and industrial applications. Furthermore, scientific and 

technological limitations of the presented work shall be highlighted to derive suggestions for 

future work that builds up on the capabilities and insight gained from this project. 

Concluding remarks will comment on the attainment of project deliverables and scientific 

expectations, as well as on the encompassing TeraApps project and the impact of the 

COVID-19 pandemic on the ability to conduct research throughout the funded period. 

 

7.2  Summary of this Thesis 

Within this thesis, I outlined and pursued the concept of novel optical setups that combined 

the advantages of terahertz imaging with the added information provided by polarimetry and 

the advanced capabilities of dielectric metasurface optics. The combination of these three 

scientific topics was intended to be mutually beneficial by mitigating constraints and 

obstacles commonly encountered by the individual topics, as discussed in Section 1.4. The 

scientific achievements of this thesis can be summarised into five key contributions, which 

approximately follow the chapter structure of this thesis. 

1) The design of anisotropic metasurface optics operating at terahertz frequency was 

presented in Chapter 3. Elaborate optimisation simulations of the anisotropic meta-pillars 

resulted in a collection of highly transmissive pillar geometries that allowed for simultaneous 

and independent control over the transmitted phase profiles for terahertz radiation polarised 

along the two in-plane pillar dimensions. Purpose-written code arrayed individual meta-

pillars into large metasurfaces that replicated user-defined phase and polarisation functions 

upon transmission based on the combined principles of acquired propagation phase and 

geometric phase. This enabled the independent encoding of two different phase functions on 

to two orthogonal SoPs and in turn versatile alterations of the transmitted spatial polarisation 

profile. Collective FDTD simulations of downscaled metasurfaces were conducted for the 

rapid confirmation and optimisation of the intended operation of each metasurface design. 
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Such simulation results also successfully served as reference frame for both the development 

of descriptive analytical models and the evaluation of obtained experimental results. 

2) The monolithic fabrication of dielectric metasurfaces presented in Chapter 4 was 

optimised based on fast and simple i-line photolithography in hard contact mode with a 

chromium photomask that contained the metasurface pattern. A Bosch process was 

optimised to dry-etch the meta-pillars monolithically into readily available silicon substrates 

within a single lithography step. Notably, a quality assurance step was developed based on 

WLI in which the spatial etch profile, the average etch depth and its standard deviation could 

be reproducibly measured over large areas without the need to strip the protective 

photoresist. 

3) The Bessel beams with axial SoP variations were investigated in Chapter 5 for their 

beam forming capabilities that allowed for well-defined 3D variations of the SoP, including 

their potential use as polarised probe beams for various applications. Such non-diffracting 

probe beams were generated from a single metasurface and maintained their focus over a 

long distance with a depth-varying polarisation profile that acted as information channel. 

Design parameter that controlled the beam’s intensity and polarisation profiles were 

explored in simulations and experiments, both of which were accurately described by the 

developed analytical model.  

4) The beam analysing metasurface polarimeter (MSP) presented in Chapter 6 was 

designed to act as highly integrated division-of-aperture polarimeter (DoAP) to capture 

quantitative information on the incident SoP instantaneously within a single image. The 

experimental characterisation of the optical performance was in excellent agreement with 

both the analytical model and simulation data. The automated analysis script reliably and 

reproducibly determined the SoP incident on to the MSP with a very high prediction 

accuracy of over 90 % after initial calibration measurements. 

5) The system-level demonstration of terahertz applications in sensing, imaging and 

polarimetry was based around the two types of metasurface optics presented before. Two 

setups targeted industrially attractive applications that demonstrated the straightforward 

integrability of metasurface optics to form compact systems with advanced optical 

capabilities. The beam forming metasurface of Chapter 5 demonstrated its potential for 

polarimetric sensing and imaging applications via the NDT of polymers and composite 

materials, whereas the beam analysing metasurface of Chapter 6 successfully operated as 

DoAP with high precision and repeatability. 
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7.3  Discussion of Results, Limitations and Future Work 

7.3.1 Design of Anisotropic Metasurface Optics 

 Although there has been previously reported work on dielectric metasurfaces operating 

within the terahertz spectrum [305, 311-315], this thesis nevertheless constitutes one of the 

first demonstrations that explored the polarisation altering capabilities of an anisotropic 

meta-pillar design in a systematic and application-driven manner. Especially the ability to 

combine propagation phase and geometric phase to independently address orthogonal 

circular polarisations was often overlooked by other publications due to the added 

complexity of the underlying theory and pattern generation compared to the manipulation of 

orthogonal linear polarisations. Furthermore, the impact of expected fabrication tolerances 

on the optical performance i.e., the etch depth deviation caused by ARDE, was already 

considered upon optimising the design of meta-pillars to render the final metasurfaces more 

robust against such tolerances. As a result, the experimentally obtained estimate for the 

optical transmission of the fabricated metasurface �̅�𝑒𝑥𝑝 = 76.0 ±  0.4 % was close to the 

simulated average of all meta-pillar geometries of �̅�𝑠𝑖𝑚 = 86.9 % ±  6.4 %, and more 

generally comparable to values reported for other dielectric metasurfaces [30-33]. A few 

publications achieved even higher total transmission by incorporating (broadband) anti-

reflective metasurface layers on the substrate’s backside [313, 325, 488]. Such anti-reflective 

layers could be adopted in a future step to improve the efficiency of the metasurface design 

presented in this thesis as well, albeit at the expense of added fabrication complexity. A clear 

deficit of the presented design process was the deliberate decision to restrict the meta-pillar 

optimisation to the design wavelength of 118.8 µm instead of considering broadband 

operation. This decision greatly simplified and accelerated the design process and was 

justified by the monochromatic nature of the FIRL employed for optical experiments. 

However, reports on dispersion-engineered metasurface optics [198, 255, 489] in 

combination with negligible dispersion of silicon around the design wavelength [126] offer 

high prospects for the design of virtually dispersion-free optics that is optimised towards 

ultra-broadband operation covering the majority of the terahertz spectrum. Such ultra-

broadband metasurface optics would be of great benefit to both lab-based and industry-scale 

optical terahertz setups alike and therefore a compelling avenue for future work. At last, it 

shall be emphasised that the metasurface design developed in this thesis can be easily 

adapted and extended to explore a rich set of other optical functions and phenomena of 



148 

 

 

 

interest for academic research upon future projects, such as vortex beams, multi-focal lenses, 

lens arrays or arbitrary polarisation filter, to name a few. 

 

7.3.2 Monolithic Fabrication and Quality Assurance 

This thesis reported one of the first demonstrations of dielectric metasurface optics that was 

fabricated monolithically into cheap and widely available silicon substrates using a single-

step photolithographic process that employed dry etching. The monolithic fabrication 

process offered significant advantages in terms of speed and simplicity when compared to 

previous lithographic processes that employed either an etch-stop layer [305, 490] or 

additive layer depositions [278, 282]. Instead of such attempts to prevent fabrication 

tolerances by employing expensive custom-made substrates or time-consuming fabrication 

sequences, the strategy pursued in this thesis was to quantify the tolerances encountered 

upon a fast and simple fabrication process, uncover the underlying mechanisms, and reduce 

the impact on the optical performance towards acceptable limits. The ability to measure the 

average etch depth with resist atop meta-pillars using WLI allowed for the quantification of 

fabrication tolerances and their reduction via a subsequent fine etch step thus ensuring a 

certain degree of process control and granting insights on the mechanisms underlying 

deviations of the spatial etch depth profile. To the best of my knowledge, these efforts to 

gain process control and develop a control model for quality assurance are the first of its 

kind, with previous work on monolithic fabrication uncritically accepting performance 

deviations associated to ARDE [293, 304, 312, 491, 492]. In principle, these results can be 

extended to any other wavelength or structure size. The reported fabrication technique 

including quality assurance are thus expected to benefit efforts towards upscaling and 

industrialisation of metasurface optics. In the future, the quality assurance can be extended 

with a theoretical investigation on the impact of deviating sidewall verticality or roughness 

on the optical performance, which was outside the scope of this work. Another previously 

mentioned extension that would enhance efficiency, compactness, and capabilities of the 

presented metasurface optics would be the development of a bi-layer patterning process that 

allows for the fabrication of metasurface layers on both substrate sides. Compared to other 

fabrication processes such as 3D printing [298, 427-429, 493] or laser ablation  [431, 432, 

494, 495], the lithography-based process excels in terms of achievable minimum feature 

sizes and uniformity of both structures and material, resulting in superior performance for 

metasurfaces operating particularly at high terahertz frequencies above ca. 1 THz. However, 
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attempts to scale the developed fabrication technique towards operation at low terahertz 

frequencies (i.e., 0.3 THz) were unfavourable due to large associated structure sizes (i.e., 

pillar height ≈ 800 µm) at which dry-etching became increasingly inefficient and inaccurate. 

Thus, alternative fabrication techniques like 3D printing or laser ablation are more promising 

candidates for low-frequency terahertz optics, which might be developed and optimised in 

future work. 

 

7.3.3 Bessel Beams with Axial Variation of the State of Polarisation 

Bessel beams with well-defined axial variations of the SoP are a fairly recent development 

that was first demonstrated by Moreno et al. in 2015 [350]. Thus far, experimental 

demonstrations of such beams were limited to a simple proof-of-concept in the visible 

spectrum, with most setups relying on complicated assemblies that involve spatial light 

modulators (SLM) and reflectors to independently address two orthogonal SoPs [350, 360, 

362, 374, 418, 496, 497]. One advantage of SLM-based setups is their dynamic tunability of 

the optical function [418], which is only possible with more sophisticated metasurface 

designs [498, 499].  

Only after my own research on this topic was already underway, Dorrah et al. demonstrated 

axial polarisation control of Bessel beams generated by a single metasurface, which vastly 

simplified the involved setup [33]. A major novelty of their sophisticated metasurface design 

based on dual matrix holography was the ability to superimpose five (or more) Bessel beams 

with individual SoP and intensity profile to create arbitrary on-axis SoP profiles that were 

independent of the SoP incident on their metasurface. Although their approach resulted in 

improved control over the on-axis intensity profile compared to the design presented in this 

thesis, this came at several disadvantages. Their metasurface required spatial interlacing of 

the unit cells and a 4-f spatial filtering stage behind the metasurface, both of which further 

complicated the design and optical assembly while reducing the transmitted intensity to less 

than 1/5 of the incident value. Furthermore, their design process and its underlying 

theoretical model were vastly more complex and less intuitive to understand, complicating 

the analysis of obtained results. Arguably, the simple but efficient design of this thesis better 

suited the application-driven research at terahertz frequencies as it maintained high 

transmitted intensity levels and a more compact setup, together with an intuitive theoretical 

model. Especially the fact that the employed terahertz source (FIRL) emitted a well-known 

and constant SoP rendered the gimmick of a Beam profile that was independent of the 
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incident SoP obsolete. At last, Dorrah’s work was once again restricted to an experimental 

proof-of-concept rather than demonstrating a practical application, with future applications 

as probe beam of a refractometer only considered in theory within their supplement [418]. 

Consequently, the experimental exploitation of Bessel beams with axially varying SoP for 

applications in sensing and polarimetric were the first of its kind and should inspire 

subsequent work. As such, further exploration of the design parameters such as grating 

constants, polarisation basis, oscillation length or orbital angular momentum is desirable to 

better understand their limits and impact on potential applications. Furthermore, the design 

of the Bessel beams could be improved in the future by implementing the “frozen wave 

method” to gain control over the on-axis intensity profile [388, 471, 472, 500, 501]. Of high 

interest would also be the exploration of avenues to employ the presented Bessel beams for 

terahertz (6G) communication and OAM-based encryption techniques [502]. 

 

7.3.4 Metasurface Polarimeter 

The design of the metasurface polarimeter (MSP) based on spatial interleaving of sub-

lattices throughout the entire active area rendered the MSP particularly robust against 

misalignments and improved the signal power due to its large aperture that focussed the 

incident radiation into a single set of focal points, in contrast to previously reported MSP 

that applied segmented aperture division [481, 482, 485]. While the increased intensity of 

the focal points was crucial to boost the SNR at terahertz frequencies, it also deterred a 

prospective application for beam profiling as demonstrated by Yang et al. [284]. An 

impressive measurement accuracy of 92.1 % ± 4.2 % was obtained from 64 measurements 

after an initial calibration that effectively reduced the impact of sources of (thermal) noise. 

The obtained accuracy is in line with published results of comparable MSPs obtained at 

technologically less challenging spectral ranges, e.g. 92.4 % ± 4.2 % from 48 measurements 

at 800 nm [479] and 97.2 % ± 2.5 % from 18 measurements at 1550 nm [284]. The MSP 

design presented in this thesis offers adaptable design parameters together with a 

straightforward integration of the MSP as front-window of commercial terahertz cameras, 

such as the INO MicroXCam-384-THz used within this thesis, since the entire beam forming 

functionality was compressed into a single metasurface layer. From a commercial point of 

view, this is highly desirable compared to current polarimeter based on multiple (moving) 

optical components. Initial simulation studies on the capabilities of the presented MSP to 

analyse partially polarised light as showcased in [487] and accurately operate throughout a 
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broad spectral range (> 1 THz) showed promising results, but experimental demonstrations 

are subject to future work. Another promising task in the future would be to engineer spectral 

dispersion of a follow-up design to achieve dispersion-free operation or even tailored 

chromatic dispersion, potentially resulting in the extended analytical capabilities of a 

spectropolarimeter [222]. Furthermore, off-focus placement of the image sensor would in 

principle enable spatially resolved imaging polarimetry as demonstrated by [32, 486], which 

was explored in initial experiments with encouraging result that require further work. 

 

7.3.5 System-level Demonstration of Terahertz Applications 

The optical setups to characterise and utilise the presented metasurface optics were another 

significant contribution of this thesis. The design, assembly, and testing of custom-built 

terahertz setups was conducted from the initial idea towards the envisioned application, as 

opposed to a big portion of publications on terahertz imaging that solely employ pre-build 

or even commercial setups to simply characterise interchangeable samples.  

As such, the experimental setup to test and utilise the Bessel metasurfaces presented in 

Chapter 5 included the meticulous design and optimisation of a -7.7x magnifying telecentric 

objective that included polarisation analysing capabilities based on the rotating QWP 

method [179], which has not yet been demonstrated at terahertz frequencies by other groups. 

The obtained resolution limit was ca. 1.5 𝜆0, which was slightly worse than the 0.6 𝜆0 

reported by Minkevicius et al. [495] for imaging with Bessel beams at 0.6 THz. However, 

their work was restricted to intensity contrast and applied special deconvolution algorithms 

that would also benefit the resolution of the polarimetric images presented in this thesis. 

While the high -7.7x magnification was well-suited to explore the absolute resolution limit 

of the presented setup, it somewhat hindered practical applications due to the comparably 

small associated FOV. Furthermore, initial plans to image the reflected Bessel beams off a 

sample had to be cancelled due to the objective’s small working distance (≈10 mm), which 

did not leave enough space for an angled sample. Such reflection experiments would have 

been interesting since the sample’s topography would be imprinted in the reflected 

polarisation front thus in principle allowing for the retrieval of depth information from the 

detected SoP. In turn, 3D images of the sample topography comparable to phase contrast 

imaging could be obtained in principle e.g., to analyse the fibre weave of commercial carbon 

fibre composites. Future work would hence benefit from new telecentric objectives with 

smaller magnifications of ca. 1.5x or 3x and increased working distance, which have already 
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been designed. It was unfortunately realised too late that the FIRL employed as terahertz 

source throughout most of the measurements involving the Bessel beam metasurface of 

Chapter 5 was not properly aligned and optimised, which resulted in sub-optimal power 

levels (ca. 100-80 mW) and small beam divergence that further restricted the usable optical 

power and in turn the signal strength. Future experiments are hence expected to achieve 

higher signal strength and a lowered noise floor. 

All presented experiments were conducted an exceptionally powerful monochromatic 

terahertz source (FIRL). Showcasing the reliable operation of the presented metasurfaces 

with a more economic source, such as a THz-TDS setup or QCL, would have underlined the 

maturity for industrial applications of the approach taken in this thesis. Particularly 

broadband characterisations within a THz-TDS setup would have been compelling since 

preliminary simulation results indicated exceptional prospects for broadband operation of 

the developed metasurfaces. Such experiments with a THz-TDS setup were initially planned 

within a secondment with Prof. Feiginov at the Vienna University of Technology but had to 

be cancelled due to prolonged travel restrictions throughout the COVID-19 pandemic. 

At last, it shall be mentioned that initial plans aimed to combine both the beam forming 

metasurface introduced in Chapter 5 and the beam analysing metasurface introduced in 

Chapter 6 within a single demonstrator system for NDT and polarimetric imaging 

applications, which was supposed to be solely based on metasurface optics. Such an imaging 

setup would have highlighted the maturity and capabilities of metasurface optics in enabling 

compact and efficient setups for polarimetric applications at terahertz frequencies. 

 

7.4  Concluding Remarks 

7.4.1 Connection to the Innovative Training Network ‘TeraApps’ 

This PhD research project filled one of 15 positions, namely ESR #12, within the European 

Union’s Marie Skłodowska-Curie Innovative Training Network (MSCA-ITN) in “Terahertz 

Technologies for Imaging, Radar and Communication Applications” (abbreviated to 

‘TeraApps’), which was funded by the European Commission under the Horizon 2020 

programme. Consequently, each public dissemination resulting from this PhD - including 

this thesis - is required to acknowledge the following: 
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This work has received funding from the European Union’s Horizon 2020 

research and innovation programme under the Marie Skłodowska-Curie 

grant agreement No. 765426 (TeraApps). 

 

Our research was therefore subject to guidelines and deliverables outlined within the 

TeraApps grant agreement, for which regular reporting both in written and oral format were 

required. Several in-person progress meetings, workshops and summer schools took place 

throughout this project, as listed in the Section “Outcomes of the Research Activity”. 

Personal and professional connections to partner institutes and the work of fellow ESRs were 

fostered with collaborative work strongly encouraged i.e., in the format of ‘secondments’ 

hosted by both academic and industrial members of the TeraApps consortium. 

In this framework, the research of this thesis was part of the work package “demonstrator 

systems” and consequently aimed to innovate terahertz imaging and sensing on a system 

level in a scientifically novel and technologically feasible manner that demonstrates 

industrially viable applications. This work targeted innovations on optical components 

associated with terahertz imaging and their system-level operation, thereby complementing 

the work of other ESRs that focussed on the improvement of terahertz radiation sources 

(most notably the Resonant Tunnelling Diodes - RTD) and detectors (e.g., graphene-based 

detection, nanowire detectors, triple barrier RTD-transceivers, etc.). Secondments were 

planned that targeted the testing of the developed optical components with both commercial 

sources and detectors and the ones produced by fellow ESRs or industrial collaborators. 

Unfortunately, the planned collaborative secondments of this PhD project were made 

impossible by travel restrictions imposed by the COVID-19 pandemic, as discussed in 

Section 7.4.2. 

 

7.4.2 Impact of the Covid-19 Pandemic 

A significant period of this PhD was unfortunately subject to considerable disruptions caused 

by the COVID-19 pandemic. Particularly severe was the impact on the working conditions 

in the second and third year of the 3-year long TeraApps project, which was extended by 

another 6 months as a result. 

International and national travel restrictions imposed by most nations, including the United 

Kingdom, prohibited or limited work-related travel for almost 2 years. As a consequence, 

anticipated attendance at several conferences was either cancelled, postponed or shifted 
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online, which negatively impacted the ability to disseminate results to a broader audience 

and network with colleagues. Even worse, all secondments and on-site collaborations that 

were planned for this PhD project within the TeraApps consortium, as outlined in  

Section 7.4.1, were not possible until the last 6 months of the project, at which point such 

work had become redundant. Unfortunately, a shift towards digital secondments did not 

appear feasible due to the experimental focus of this PhD’s research objectives.  

Even within the University of Glasgow, the pandemic inevitably caused disruptions and 

delays to practical work. Notably, the fabrication of metasurfaces and execution of optical 

experiments were significantly delayed due to the closure of both the James Watt 

Nanofabrication Centre and the laser laboratory for ca. 4 months, including a significantly 

lowered capacity thereafter due to social distancing rules. This consequently also impacted 

the timeline for scientific dissemination, e.g., delayed submission of manuscripts and 

conference presentations. Wherever possible, meetings and conferences were attended 

online.  

Another consequence of lowered on-site staff and maintenance during the lockdown was a 

flood within the laser laboratory (Room 120 in Rankine building) in June 2020, which 

severely contaminated the custom-built experimental setup, see Figure 7.1. Optical 

components had to be cleaned or reordered, the room dehumidified and the experimental 

setup rebuilt. Furthermore, the air-conditioning of the laser laboratory was broken from early 

March 2021 until late April, inhibiting laser experiments due to potential overheating. 

 

 

Figure 7.1: (a) Damages and contaminations of the optical setup found after the lockdown 

in June 2020 caused by (b) a flood originating from the ceiling that collapsed a ceiling tile 

right on to the optical laser setup. Sensitive cleaning, drying and restocking of the 

components and Laboratory 120 (Rankine building) required significant effort and time. 
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Apart from these incidents of higher force, the PhD student and his supervisory team 

successfully adapted the outline and work undertaken throughout the pandemic to the ‘new 

normal’ and restricted the detrimental impact of the pandemic to external factors. Immediate 

measures taken during the lockdowns were a shift towards theoretical and simulation-based 

work, (re-)design of improved metasurfaces, and participation in the government’s furlough 

scheme to save funding for a project extension. The impact of reduced lab capacity was 

mitigated by effective planning of work schedules including late working hours. The PhD 

student’s internal and external supervisory board remarked at several instances that the PhD 

student’s efforts and success in mitigating the impact of the pandemic were exemplary. 

 

7.4.3 Conclusion on the conducted Research Activity 

The work conducted throughout this thesis successfully designed, assembled, and tested 

highly specialised demonstrator systems that showcased applications in polarimetry, NDT 

and polarimetric imaging at terahertz frequencies. These setups were based on a novel design 

approach that rigorously tailored highly integrated and efficient metasurface optics towards 

their intended operation rather than combining pre-designed optics into complex and less 

efficient optical assemblies. As such, the main task outlined within the grant agreement was 

achieved and all deliverables were successfully fulfilled and reported on. 

The experimentally obtained data was thoroughly documented, analysed and backed up by 

both analytical models and numerical simulation results whenever possible. Unfavourable 

results were openly discussed, and acknowledgement was given to the work of others 

wherever necessary. The author is therefore confident that the standards of the University of 

Glasgow on quality of work scientific rigour were upheld. 

Scientific results were openly shared with both colleagues and the public at regular meetings 

within the TeraApps consortium, various prestigious conferences and via publication within 

high-profile peer-reviewed scientific journals, as has been summarised in the Section 

“Outcomes of the Research Activity”. Consequently, the conducted research withstood 

international scrutiny, benefitted the work of fellow researcher and will continue to do so. 

The author strongly believes that the complexity of the work conducted throughout this 

project, the quality of obtained results and their significance to the scientific community will 

qualify for the award of the degree doctor of philosophy by research in “Electronics and 

Electrical Engineering” in accordance with the University of Glasgow’s postgraduate 

guidelines. 
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Appendix 

Throughout this PhD project, a rich and extensive set of data was collected from 

experiments, simulations and theoretical models, which includes the code of several scripts 

to analyse or generate said data. Although most of this data can be considered fundamental 

to the obtained results shown in this thesis, it is simply too vast and extensive to be 

reasonably included within this appendix. For this reason, the below appendix is limited to 

supplementing a few key aspects that were discussed in the main body of this thesis, whereas 

the remaining data and files are provided separately in their native file format within the 

“Dataset & Code” repository that accompanies this thesis. 

 

A. Step-by-step Derivation of Geometric Phase introduced in Chapter 2  

The below calculation shows a step-by-step derivation of Eq. (2.5) in Section 2.3.1. 

 

 

B. Python Code for the Metasurface Pattern presented in Chapter 5 

The below python code was used to generate the metasurface patterns employed for the 

simulation and experimental results presented in Chapter 5 using the meta-pillar and unit 

cell geometries introduced in Section 3.2 as discussed in detail in Section 3.3. 

 

# Note: Within this script, all length units are given in micrometre, or converted into micrometre after import 

# All angular Units are given in Degree, or converted into degree after their calculation 

# Import required packages 

from gdsCAD import * 

import numpy 

import shapely 

from shapely.geometry import Polygon 

from gdsii.library import Library 

from gdsii.elements import * 

import csv 

 

# Define functions for later use 

 

def cart2pol(x, y):          # Transforms 2D cartesian to polar coordinates 

    rho = numpy.sqrt(x**2 + y**2) 

𝑱 𝒐𝒖𝒕 = 𝑨𝑯𝑾𝑷(𝜽) ∙ 𝑱 𝑹 = [
𝐜𝐨𝐬𝟐 𝜽 − 𝐬𝐢𝐧𝟐 𝜽 𝟐 𝐜𝐨𝐬𝜽 𝐬𝐢𝐧 𝜽
𝟐 𝐜𝐨𝐬 𝜽 𝐬𝐢𝐧𝜽 𝐬𝐢𝐧𝟐 𝜽 − 𝐜𝐨𝐬𝟐 𝜽

] ∙
𝟏

√𝟐
(
𝟏
𝒊
) 

=
𝟏

√𝟐
(
𝐜𝐨𝐬𝟐 𝜽 − 𝐬𝐢𝐧𝟐 𝜽 + 𝒊 𝟐 𝐜𝐨𝐬 𝜽 𝐬𝐢𝐧𝜽
𝟐 𝐜𝐨𝐬 𝜽 𝐬𝐢𝐧 𝜽 − 𝒊 (𝐜𝐨𝐬𝟐 𝜽 − 𝐬𝐢𝐧𝟐 𝜽)

) 

=
𝟏

√𝟐
(
𝐜𝐨𝐬 𝟐𝜽 + 𝒊 𝐬𝐢𝐧 𝟐𝜽
𝐬𝐢𝐧 𝟐𝜽 − 𝒊 𝐜𝐨𝐬 𝟐𝜽

) =
𝟏

√𝟐
(
𝐞𝐱𝐩(𝒊 𝟐𝜽)

−𝒊 𝐞𝐱𝐩(𝒊 𝟐𝜽)
) 

=
𝟏

√𝟐
( 𝟏
−𝒊
) ∙ 𝒆𝒙𝒑(𝒊 𝟐𝜽) = �⃑� 𝑳 ∙ 𝒆𝒙𝒑(𝒊 𝟐𝜽)⏟        

:=𝝋𝒈𝒆𝒐(𝟐𝜽)
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    phi = numpy.arctan2(y, x) 

    return(rho, phi) 

 

def pol2cart(rho, phi):          # Transforms polar coordinates to 2D cartesian coordinates 

    x = rho * numpy.cos(phi) 

    y = rho * numpy.sin(phi) 

    return(x, y) 

 

def round_1(x, base=1):          # Rounds a floating number to full integer 

    return int(base*numpy.round(float(x)/base)) 

 

def round_05(x, base=0.5):          # Rounds a floating number to multiples of 0.5 

    return int(base*numpy.round(float(x)/base)) 

 

def interval_360(x, base=360):          # Wraps continuous Phase into periodic interval [0, 360] rounded to full degree [°] 

    P = (float(x)/base) 

    i, d = divmod(P, 1) 

    return round_1(int(float(x) - (i*base) )) 

# Create meta-atom Library from previous Simulations (directly loaded from associated csv-file with "," as seperator) 

library = numpy.loadtxt(open("R-P-T-Tuples_aniso_H150um_PureSi-15-30_row.csv", "rb"), delimiter=",", skiprows=1) 

# Input fundamental pattern parameter 

nnd = float(40)          # Nearest Neighbour Distance between adjacent lattice Points (Meta-pillar Seperattion) 

# Next: Code asked to input the diameter of the metasurface in [mm], converted to microns 

size = 1000 * float(input("Which size (diameter in mm)?:" ))      

# Next: Axicon Period for Polarisation #1 

axicon_1 = float(input("Which radial axicon period g1 (in micrometre) for RCP component?:" ))      

# Next: Additional Axicon Period for Polarisation #2 

axicon_2 = float(input("Additional radial period g_ad (in micrometre) for LCP component?:" ))    

# Next: Calculates the number of full Lattice Periods within the selecetd Pattern Extent rounded to full Integers 

periods = int(size/(nnd))           

# Define some running Variables and set to 0 

i_x = (0) 

i_y = (0) 

n = int(0) 

# Define Imaginary Unit 

j= 0 + 1j 

# Create Cells, Lists & Containers 

Unit_cell = core.Cell('Rectangles') 

topcell=core.Cell('TOP') 

layout = core.Layout('LIBRARY') 

COMs = []          # Empty List for "Center Of Meta-atoms" 

# Generate 2D hexagonal lattice points within List of (x,y)-Tuples to fill List "Center Of Meta-atoms (COM)" 

while i_y < (periods/numpy.sqrt(3)):          # Loop over the y-dimension of the Pillar Extent, skipping every 2nd row 

    while i_x < periods:                      # Loop over the x-dimension of the Pillar Extent 

        coord1 = ((-0.5*size +(i_x*nnd)),(-0.5*size +(i_y*nnd*numpy.sqrt(3))))             # COM Coordinates of row 1 pillar 

        coord2 = ((-0.5*size +((0.5+i_x)*nnd)),((-0.5*size +(0.5+i_y)*nnd*numpy.sqrt(3)))) # COM Coordinates of row 2 pillar 

        COMs.append(coord1)     # Save COM Coordinates of row 1 into List "Center Of Meta-atoms" 

        COMs.append(coord2)     # Save COM Coordinates of row 1 into List "Center Of Meta-atoms" 

        i_x = i_x+1     # Advance running Variable for inner Loop (x-Position) 

    i_x = 0             # Zero running Variable for inner Loop (x-Position) 

    i_y = i_y+1         # Advance running Variable for outer Loop (y-Position) 

# Loop over Lattice Points, select the optimised Meta-Pillar and place it into TopCell 

for COM in COMs:          # Loop over each Lattice Point COM 

    polar = cart2pol(COM[0],COM[1])          # Polar Coordinates of the new Lattice Point 

    if polar[0] <= size/2:          # Circular Aperture: Lattice Points outside a circle of pattern dimension are discarded 

        # Next: Chosen Phase delay at lattice point for |R> polarised Light 

        Phase_R = (numpy.rad2deg(-( 2*numpy.pi*polar[0]/axicon_1 ) ) )      

        # Next: Chosen Phase delay at lattice point for |L> polarised Light 

        Phase_L = (numpy.rad2deg(-( 2*numpy.pi*polar[0]/axicon_1 ) -( 2*numpy.pi*polar[0]/axicon_2 ) ) )    

        # Next: Required x-pol. Phase shift of Pillar at lattice point 

        Phase_req_x = (180 - interval_360(round_1(0.5* (Phase_R+Phase_L) ) ))           

        # Next: Required y-pol. Phase shift of Pillar at lattice point 

        Phase_req_y = (180 - interval_360(round_1(-180 + 0.5* (Phase_R+Phase_L) ) ))    

        # Next: Required in-plane Rotation Angle of Pillar at lattice point 

        angle = round_05(45+(((0.25*(Phase_R-Phase_L)) )))      

        delta = 180          # Define/Set Benchmark Error of optimisation to 180 [°] for the new Lattice Point 

        W_opt_x = 0          # Define/Set Optimised Pillar Width along x to 0 for the new Lattice Point 

        W_opt_y = 0          # Define/Set Optimised Pillar Width along y to 0 for the new Lattice Point 

        for tup in library:          # Loop trough the Meta-Pillar Library 

            # Next: Calculate Complex Error for x-pol. between required properties and Pillar properties 

            delta_new_x = ( numpy.square(numpy.absolute(tup[2]*(numpy.exp(j*numpy.radians(tup[1]))) - numpy.exp((j*numpy.radians(Phase_req_x) )))) )    

            # Next: Calculate Complex Error for y-pol. between required properties and Pillar properties 

            delta_new_y = ( numpy.square(numpy.absolute(tup[5]*(numpy.exp(j*numpy.radians(tup[4]))) - numpy.exp(j*numpy.radians(Phase_req_y)))) )       

            # Next: Optimisation Condition: Does current Pillar have smaller RMS error for x- & y-polarised light than the current benchmark Error? 

            if numpy.sqrt(0.5*(delta_new_x + delta_new_y)) < delta: 

                # Next: Update the benchmark RMS Error to the current Pillar's value 

                delta = numpy.sqrt(0.5*(delta_new_x + delta_new_y))    

                # Next: Update the optimised Pillar Width in x to the current Pillar's value 

                W_opt_x = tup[0]      

                # Next: Update the optimised Pillar's Phase Shift along x to the current Pillar's value 

                Phase_opt_x = tup[1]                         

                # Next: Update the optimised Pillar's Transmission along x to the current Pillar's value 

                Trans_opt_x = tup[2]          

                # Next: Update the optimised Pillar Width in y to the current Pillar's value 

                W_opt_y = tup[3]        

                # Next: Update the optimised Pillar's Phase Shift along y to the current Pillar's value 
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                Phase_opt_y = tup[4]        

                # Next: Update the optimised Pillar's Transmission along y to the current Pillar's value 

                Trans_opt_y = tup[5]                                     

        rectangle = shapes.Rectangle( ( ((COM[0]+W_opt_x/2)), (COM[1] + (W_opt_y)/2) ) , ( ((COM[0]-W_opt_x/2)), (COM[1] - (W_opt_y)/2) ) ) # After Loop over all Pillars: 

Create Rectangle with optimal Dimensions at its Lattice Point 

        struc = rectangle.rotate(angle, center=(COM[0],COM[1]))         # Rotate Optimised Rectangle by the required Angle 

        topcell.add(struc)                                              # Add optimised Pillar Structure into TopCell 

layout.add(topcell)          #Add the final TopCell filled with all Meta-Pillars to the Layout ... 

layout.save('MetasurfaceName.gds')          # ... and save it as .gds File 
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C. Python Code for the Metasurface Pattern presented in Chapter 6 

The below python code was used to generate the metasurface patterns employed for the 

simulation and experimental results presented in Chapter 6 using the meta-pillar and unit 

cell geometries introduced in Section 3.2 as discussed in detail in Section 3.3. 

 

# Note: Within this script, all length units are given in micrometre, or converted into micrometre after import 

# All angular Units are given in Degree, or converted into degree after their calculation 

# Import required packages 

from gdsCAD import * 

import numpy 

import shapely 

from shapely.geometry import Polygon 

from gdsii.library import Library 

from gdsii.elements import * 

import csv 

 

# Define functions for later use 

def cart2pol(x, y):          # Transforms 2D cartesian to polar coordinates 

    rho = numpy.sqrt(x**2 + y**2) 

    phi = numpy.arctan2(y, x) 

    return(rho, phi) 

 

def pol2cart(rho, phi):          # Transforms polar coordinates to 2D cartesian coordinates 

    x = rho * numpy.cos(phi) 

    y = rho * numpy.sin(phi) 

    return(x, y) 

 

def round_1(x, base=1):          # Rounds a floating number to full integer 

    return int(base*numpy.round(float(x)/base)) 

 

def round_05(x, base=0.5):          # Rounds a floating number to multiples of 0.5 

    return int(base*numpy.round(float(x)/base)) 

 

def interval_360(x, base=360):          # Wraps continuous Phase into periodic interval [0, 360] rounded to full degree [°] 

    P = (float(x)/base) 

    i, d = divmod(P, 1) 

    return round_1(int(float(x) - (i*base) )) 

 

def interval_1(x, base=1):          # Returns full integers of a input float 

    P = (float(x)/base) 

    i, d = divmod(P, 1) 

    return (int(i*base) ) 

 

# Create meta-atom Library from previous Simulations (directly loaded from associated csv-file with "," as seperator) 

library = numpy.loadtxt(open("R-P-T-Tuples_aniso_H150um_PureSi-15-30_row.csv", "rb"), delimiter=",", skiprows=1) 

 

# Input fundamental pattern parameter 

nnd = float(40)          # Nearest Neighbour Distance between adjacent lattice Points (Meta-pillar Seperattion) 

# Next: Code asked to input the diameter of the metasurface in [mm], converted to microns 

size = 1000 * float(input("Which size (diameter in mm)?:" )) 

periods = int(size/(nnd)) # Pattern Extent in Unit Cell Periods 

# Next: Code asked to input the focal length of the metasurface in [mm], converted to microns 

f = 1000*float(input("Which focal length for all Stokes-Points (in mm)?:" )) 

# Next: Code asked to input the off-axis length of the metasurface in [mm], converted to microns 

df = 1000*float(input("Which transversal off-axis length (from center) of the focal spot for all Stokes-Points (in mm)?:" )) 

wl = float(118.8) # Design Wavelength in microns 

 

# Define some running Variables and set to 0 

i_x = (0) 

i_y = (0) 

n = int(0) 

# Define Imaginary Unit 

j= 0 + 1j      

 

# Create Cells, Lists & Containers 

Unit_cell = core.Cell('Rectangles') 

topcell=core.Cell('TOP') 

layout = core.Layout('LIBRARY') 

LAT1 = []     # Empty List for Points of "Sub-Lattice 1" 

LAT2 = []     # Empty List for Points of "Sub-Lattice 2" 

LAT3 = []     # Empty List for Points of "Sub-Lattice 3" 

 

# Generate 2D hexagonal lattice points within List of (x,y)-Tuples to fill List of Sub-Lattices 

resc_y = 0.5*nnd*numpy.sqrt(3)*interval_1((periods/numpy.sqrt(3)))     # Define Rescale factor of y-Coordinate 

while i_y < (periods/numpy.sqrt(3)):          # Loop over the y-dimension of the Pillar Extent, skipping every 2nd row 

    while i_x < periods/3:                    # Loop over the x-dimension of the Pillar Extent 

        lat1_1 = ((-0.5*size +(i_x*3*nnd)),(-resc_y +(i_y*nnd*numpy.sqrt(3))))     # Coordinates of Lattice 1 row 1 pillar 

        lat1_2 = ((-0.5*size +((1.5*nnd+i_x*3*nnd))),((-resc_y +(0.5+i_y)*nnd*numpy.sqrt(3)))) # Coordinates of Lattice 1 row 2 pillar 
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        LAT1.append(lat1_1)     # Save Coordinates of Lattice 1 row 1 pillar into List "Sub-Lattice 1" 

        LAT1.append(lat1_2)     # Save Coordinates of Lattice 1 row 2 pillar into List "Sub-Lattice 1" 

        lat2_1 = ((-0.5*size +((nnd+i_x*3*nnd))),(-resc_y +(i_y*nnd*numpy.sqrt(3))))     # Coordinates of Lattice 2 row 1 pillar 

        lat2_2 = ((-0.5*size +((2.5*nnd+i_x*3*nnd))),((-resc_y +(0.5+i_y)*nnd*numpy.sqrt(3)))) # Coordinates of Lattice 2 row 2 pillar 

        LAT2.append(lat2_1)     # Save Coordinates of Lattice 2 row 1 pillar into List "Sub-Lattice 2" 

        LAT2.append(lat2_2)     # Save Coordinates of Lattice 2 row 2 pillar into List "Sub-Lattice 2" 

        lat3_1 = ((-0.5*size +((2*nnd+i_x*3*nnd))),(-resc_y +(i_y*nnd*numpy.sqrt(3))))     # Coordinates of Lattice 3 row 1 pillar 

        lat3_2 = ((-0.5*size +((0.5*nnd+i_x*3*nnd))),((-resc_y +(0.5+i_y)*nnd*numpy.sqrt(3))))     # Coordinates of Lattice 3 row 2 pillar 

        LAT3.append(lat3_1)     # Save Coordinates of Lattice 3 row 1 pillar into List "Sub-Lattice 3" 

        LAT3.append(lat3_2)     # Save Coordinates of Lattice 3 row 2 pillar into List "Sub-Lattice 3" 

        i_x = i_x+1     # Advance running Variable for inner Loop (x-Position) 

    i_x = 0             # Zero running Variable for inner Loop (x-Position) 

    i_y = i_y+1         # Advance running Variable for outer Loop (y-Position) 

 

# Loop over Lattice Points of Lattice 1 (|H> vs. |V>), select the optimised Meta-Pillar and place it into TopCell 

for lat in LAT1:     # Loop over each Lattice Point lat in LAT1 

    polar = cart2pol(lat[0],lat[1])          # Polar Coordinates of the new Lattice Point 

    angle_1 = 0                              # Required in-plane Rotation Angle of Pillar at lattice point 

    # Next: Required x-pol. Phase shift of Pillar at lattice point 

    Phase_req_x = (180 - interval_360(round_1(numpy.rad2deg(-(2*numpy.pi/wl)*(-f + numpy.sqrt( numpy.square(f) + numpy.square( lat[0]-(0.5*df) ) + numpy.square( 

lat[1]+(numpy.sqrt(3)*0.5*df) ) ) ) ) ) ) ) 

    # Next: Required y-pol. Phase shift of Pillar at lattice point 

    Phase_req_y = (180 - interval_360(round_1(numpy.rad2deg(-(2*numpy.pi/wl)*(-f + numpy.sqrt( numpy.square(f) + numpy.square(lat[0]+(0.5*df)) + 

numpy.square(lat[1]-(numpy.sqrt(3)*0.5*df) ) ) ) ) ) ) ) 

    delta = 180          # Define/Set Benchmark Error of optimisation to 180 [°] for the new Lattice Point 

    W_opt_x = 0          # Define/Set Optimised Pillar Width along x to 0 for the new Lattice Point 

    W_opt_y = 0          # Define/Set Optimised Pillar Width along y to 0 for the new Lattice Point 

    for tup in library:          # Loop trough the Meta-Pillar Library 

        # Next: Calculate Complex Error for x-pol. between required properties and Pillar properties 

        delta_new_x = ( numpy.square(numpy.absolute(tup[2]*(numpy.exp(j*numpy.radians(tup[1]))) - numpy.exp((j*numpy.radians(Phase_req_x) )))) ) 

        # Next: Calculate Complex Error for y-pol. between required properties and Pillar properties 

        delta_new_y = ( numpy.square(numpy.absolute(tup[5]*(numpy.exp(j*numpy.radians(tup[4]))) - numpy.exp(j*numpy.radians(Phase_req_y)))) ) 

        # Next: Optimisation Condition: Does current Pillar have smaller RMS error for x- & y-polarised light than the current benchmark Error? 

        if numpy.sqrt(0.5*(delta_new_x + delta_new_y)) < delta: 

            # Next: Update the benchmark RMS Error to the current Pillar's value 

            delta = (delta_new_x + delta_new_y) 

            # Next: Update the optimised Pillar Width in x to the current Pillar's value 

            W_opt_x = tup[0] 

            # Next: Update the optimised Pillar's Phase Shift along x to the current Pillar's value 

            Phase_opt_x = tup[1] 

            # Next: Update the optimised Pillar's Transmission along x to the current Pillar's value 

            Trans_opt_x = tup[2] 

            # Next: Update the optimised Pillar Width in y to the current Pillar's value 

            W_opt_y = tup[3] 

            # Next: Update the optimised Pillar's Phase Shift along y to the current Pillar's value 

            Phase_opt_y = tup[4] 

            # Next: Update the optimised Pillar's Transmission along y to the current Pillar's value 

            Trans_opt_y = tup[5] 

    rectangle = shapes.Rectangle( ( ((lat[0]+W_opt_x/2)), (lat[1] + (W_opt_y)/2) ) , ( ((lat[0]-W_opt_x/2)), (lat[1] - (W_opt_y)/2) ) ) # After Loop over all Pillars: Create 

Rectangle with optimal Dimensions at its Lattice Point 

    topcell.add(rectangle)          # Add optimised Pillar Structure into TopCell 

 

# Loop over Lattice Points of Lattice 2 (|D> vs. |A>), select the optimised Meta-Pillar and place it into TopCell 

for lat in LAT2:     # Loop over each Lattice Point lat in LAT2 

    polar = cart2pol(lat[0],lat[1])          # Polar Coordinates of the new Lattice Point 

    angle_2 = 45                              # Required in-plane Rotation Angle of Pillar at lattice point 

    # Next: Required x-pol. Phase shift of Pillar at lattice point 

    Phase_req_x = (180 - interval_360(round_1(numpy.rad2deg(-(2*numpy.pi/wl)*(-f + numpy.sqrt( numpy.square(f) + numpy.square(lat[0]-(0.5*df)) + 

numpy.square(lat[1]-(numpy.sqrt(3)*0.5*df) ) ) ) ) ) ) ) 

    # Next: Required y-pol. Phase shift of Pillar at lattice point 

    Phase_req_y = (180 - interval_360(round_1(numpy.rad2deg(-(2*numpy.pi/wl)*(-f + numpy.sqrt( numpy.square(f) + numpy.square(lat[0]+(0.5*df)) + 

numpy.square(lat[1]+(numpy.sqrt(3)*0.5*df)) ) ) ) ) ) ) 

    delta = 180          # Define/Set Benchmark Error of optimisation to 180 [°] for the new Lattice Point 

    W_opt_x = 0          # Define/Set Optimised Pillar Width along x to 0 for the new Lattice Point 

    W_opt_y = 0          # Define/Set Optimised Pillar Width along y to 0 for the new Lattice Point 

    for tup in library:          # Loop trough the Meta-Pillar Library 

        # Next: Calculate Complex Error for x-pol. between required properties and Pillar properties 

        delta_new_x = ( numpy.square(numpy.absolute(tup[2]*(numpy.exp(j*numpy.radians(tup[1]))) - numpy.exp((j*numpy.radians(Phase_req_x) )))) ) 

        # Next: Calculate Complex Error for y-pol. between required properties and Pillar properties 

        delta_new_y = ( numpy.square(numpy.absolute(tup[5]*(numpy.exp(j*numpy.radians(tup[4]))) - numpy.exp(j*numpy.radians(Phase_req_y)))) ) 

        # Next: Optimisation Condition: Does current Pillar have smaller RMS error for x- & y-polarised light than the current benchmark Error? 

        if numpy.sqrt(0.5*(delta_new_x + delta_new_y)) < delta: 

            # Next: Update the benchmark RMS Error to the current Pillar's value 

            delta = (delta_new_x + delta_new_y) 

            # Next: Update the optimised Pillar Width in x to the current Pillar's value 

            W_opt_x = tup[0] 

            # Next: Update the optimised Pillar's Phase Shift along x to the current Pillar's value 

            Phase_opt_x = tup[1] 

            # Next: Update the optimised Pillar's Transmission along x to the current Pillar's value 

            Trans_opt_x = tup[2] 

            # Next: Update the optimised Pillar Width in y to the current Pillar's value 

            W_opt_y = tup[3] 

            # Next: Update the optimised Pillar's Phase Shift along y to the current Pillar's value 

            Phase_opt_y = tup[4] 

            # Next: Update the optimised Pillar's Transmission along y to the current Pillar's value 

            Trans_opt_y = tup[5] 
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    rectangle = shapes.Rectangle( ( ((lat[0]+W_opt_x/2)), (lat[1] + (W_opt_y)/2) ) , ( ((lat[0]-W_opt_x/2)), (lat[1] - (W_opt_y)/2) ) ) # After Loop over all Pillars: Create 

Rectangle with optimal Dimensions at its Lattice Point 

    struc = rectangle.rotate(angle_2, center=(lat[0],lat[1]))         # Rotate Optimised Rectangle by the required Angle 

    topcell.add(struc)          # Add optimised Pillar Structure into TopCell 

 

# Loop over Lattice Points of Lattice 3 (|R> vs. |L>), select the optimised Meta-Pillar and place it into TopCell 

for lat in LAT3:     # Loop over each Lattice Point lat in LAT3 

    polar = cart2pol(lat[0],lat[1])          # Polar Coordinates of the new Lattice Point 

    # Next: Chosen Phase delay at lattice point for |R> polarised Light 

    Phase_R = ((numpy.rad2deg(-(2*numpy.pi/wl)*(-f + numpy.sqrt( numpy.square(f) + numpy.square(lat[0]-(df)) + numpy.square(lat[1]) ) ) ) ) ) 

    # Next: Chosen Phase delay at lattice point for |L> polarised Light 

    Phase_L = ((numpy.rad2deg(-(2*numpy.pi/wl)*(-f + numpy.sqrt( numpy.square(f) + numpy.square(lat[0]+(df)) + numpy.square(lat[1]) ) ) ) ) ) 

    # Next: Required x-pol. Phase shift of Pillar at lattice point 

    Phase_req_x = (180 - interval_360(round_1(0.5* (Phase_R+Phase_L) ) )) 

    # Next: Required y-pol. Phase shift of Pillar at lattice point 

    Phase_req_y = (180 - interval_360(round_1(-180 + 0.5* (Phase_R+Phase_L) ) )) 

    angle_3 = round_05((((0.25*(Phase_R-Phase_L)) )))     # Required in-plane Rotation Angle of Pillar at lattice point 

    delta = 180          # Define/Set Benchmark Error of optimisation to 180 [°] for the new Lattice Point 

    W_opt_x = 0          # Define/Set Optimised Pillar Width along x to 0 for the new Lattice Point 

    W_opt_y = 0          # Define/Set Optimised Pillar Width along y to 0 for the new Lattice Point 

    for tup in library:          # Loop trough the Meta-Pillar Library 

        # Next: Calculate Complex Error for x-pol. between required properties and Pillar properties 

        delta_new_x = ( numpy.square(numpy.absolute(tup[2]*(numpy.exp(j*numpy.radians(tup[1]))) - numpy.exp((j*numpy.radians(Phase_req_x) )))) ) 

        # Next: Calculate Complex Error for y-pol. between required properties and Pillar properties 

        delta_new_y = ( numpy.square(numpy.absolute(tup[5]*(numpy.exp(j*numpy.radians(tup[4]))) - numpy.exp(j*numpy.radians(Phase_req_y)))) ) 

        if numpy.sqrt(0.5*(delta_new_x + delta_new_y)) < delta: 

            # Next: Update the benchmark RMS Error to the current Pillar's value 

            delta = (delta_new_x + delta_new_y) 

            # Next: Update the optimised Pillar Width in x to the current Pillar's value 

            W_opt_x = tup[0] 

            # Next: Update the optimised Pillar's Phase Shift along x to the current Pillar's value 

            Phase_opt_x = tup[1] 

            # Next: Update the optimised Pillar's Transmission along x to the current Pillar's value 

            Trans_opt_x = tup[2] 

            # Next: Update the optimised Pillar Width in y to the current Pillar's value 

            W_opt_y = tup[3] 

            # Next: Update the optimised Pillar's Phase Shift along y to the current Pillar's value 

            Phase_opt_y = tup[4] 

            # Next: Update the optimised Pillar's Transmission along y to the current Pillar's value 

            Trans_opt_y = tup[5] 

    rectangle = shapes.Rectangle( ( ((lat[0]+W_opt_x/2)), (lat[1] + (W_opt_y)/2) ) , ( ((lat[0]-W_opt_x/2)), (lat[1] - (W_opt_y)/2) ) ) # After Loop over all Pillars: Create 

Rectangle with optimal Dimensions at its Lattice Point 

    struc = rectangle.rotate(angle_3, center=(lat[0],lat[1]))         # Rotate Optimised Rectangle by the required Angle 

    topcell.add(struc)          # Add optimised Pillar Structure into TopCell 

 

 

layout.add(topcell)          #Add the final TopCell filled with all Meta-Pillars to the Layout ... 

layout.save('Metasurface_DOAPolarimeter.gds')          # ... and save it as .gds File 

 

D. Detailed Settings of the spin coating of substrates presented in Chapter 4 

Table D.1 summarises the parameters used for the spin coating of silicon substrates with the 

primer MCC80/20 and the photoresist SPR220.7. 

 

Table D.1: Summary of parameters used to apply primer (program 1) and photoresist 

(program 2) to the silicon substrates via spin coating. 

Program Step 1 Step 2 Step 3 Step 4 

1: Applying 

Primer 

(MCC80/20) 

30 s at  

3’000 rpm with 

20’000 rpm/s  

(spin-up  

& spin off) 

0 s at  

0 rpm with 

20’000 rpm/s  

(spin down) 

 

/ / 

2: Applying 

Photoresist 

(SPR 220.7) 

5 s at  

500 rpm with  

100 rpm/s  

(slow spin-up) 

22 s at 3’500 rpm 

with 20’000 

rpm/s (spin off) 

3 s at 6’000 rpm 

with 20’000 

rpm/s  

(edge bead 

removal) 

0 s at  

0 rpm with  

6’000 rpm/s  

(spin down) 
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E. Detailed Settings of the Bosch process presented in Chapter 4 

Table E.2 summarises the parameters used for the optimised Bosch process to dry etch the 

silicon substrates around the resist-covered meta-pillars as described in Section 4.2.3. 

 

Table E.2: Process parameters employed for the dry etching of silicon within the Bosch 

process (PlasmaPro 100 Estrelas, Oxford Instruments) using C4F8/SF6 plasma chemistry. 

3 Sub-recipes with adapted durations of etch and deposition cycles were used sequentially 

to maintain a sidewall verticality close to 90° throughout the etch. The base pressure and 

table temperature were held constant at 7.5 ∙ 10−9 Torr and 5 ℃, respectively. 

STEP 

NAME 

PROCESS 

TIME  

[s] 

APC 

PRESSUR

E [mTorr] 

HF 

POWER 

[W] 

ICP 

POWER 

[W] 

LF 

POWER 

[W] 

HELIUM 

BACKING 

[Torr] 

GAS7 O2 

[sccm] 

GAS8 SF6 

[sccm] 

GAS11 

C4F8 

[sccm] 

Plasma Strike below (Start) 

CLAMP 

STABLE 
10 0 0 0 0 0 0 0 0 

He Check 

25C 
20 0 0 0 0 10 0 0 0 

gas on 2 20 0 0 0 10 50 10 50 

strike1 5 20 10 1750 0 10 100 10 100 

strike2 2 40 0 1750 10 10 0 10 200 

pre dep 2 40 0 1600 10 10 0 10 200 

Sub-Recipe 1: 152 repetitions [cycles] resulting in an average etch dept of ca. 65-70 µm 

DEPa 1.45 50 0 1500 0 10 0 10 200 

DEPb 0.3 15 0 1500 10 10 0 200 10 

ETCH1 0.9 30 0 1800 60 10 0 200 10 

ETCH2a 2.2 35 0 1800 0 10 0 200 10 

ETCH2b 0.3 70 0 1800 0 10 0 10 200 

Sub-Recipe 2: 152 repetitions [cycles] resulting in an average (cumulative) etch dept of ca. 120 -130 µm 

DEPa 1.55 50 0 1500 0 10 0 10 200 

DEPb 0.3 15 0 1500 10 10 0 200 10 

ETCH1 0.95 30 0 1800 60 10 0 200 10 

ETCH2a 2.2 35 0 1800 0 10 0 200 10 

ETCH2b 0.3 70 0 1800 0 10 0 10 200 

Sub-Recipe 3: ca. 80 (+/- X) repetitions [cycles] resulting in an average (cumulative) etch dept of ca. 145-155 µm 

DEPa 1.65 50 0 1500 0 10 0 10 200 

DEPb 0.3 15 0 1500 10 10 0 200 10 

ETCH1 1.0 30 0 1800 60 10 0 200 10 

ETCH2a 2.2 35 0 1800 0 10 0 200 10 

    ETCH2b 0.3 70 0 1800 0 10 0 10 200 

PUMP 

DOWN 
30 0 0 0 0 0 0 0 0 
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