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Imagerie polarimétrique térahertz multispectrale basée sur ’intensité utilisant des
surfaces sélectives en fréquence

Redwan AHMAD

RESUME

Les technologies térahertz (THz) offrent des capacités uniques pour le contrdle non destructif,
la caractérisation des matériaux et I’imagerie ; toutefois, leur adoption a grande échelle
demeure limitée par la taille, le colt et la complexité¢ des systémes spectroscopiques et
polarimétriques conventionnels. Cette theése aborde ces défis en étudiant des surfaces sélectives
en fréquence térahertz (FSS) reconfigurables et leur intégration dans des systémes
polarimétriques THz compacts basés sur la mesure d’intensité, avec un accent particulier sur
des procédés de fabrication évolutifs et des architectures systeme pratiques.

A la suite d’une revue de littérature exhaustive couvrant les techniques de génération et de
détection THz, les concepts de FSS reconfigurables, ainsi que la spectroscopie et I’imagerie
polarimétriques THz, les contributions principales portent sur le développement de différentes
techniques de reconfigurabilité appliquées a des FSS THz imprimées. Des réponses spectrales
accordables sont démontrées a 1’aide de structures inductives métalliques de type damier et de
configurations de FSS basées sur des motifs de Moiré, ou la reconfigurabilité est obtenue
respectivement par translation latérale et par rotation relative de couches empilées. Ces
approches permettent un accord spectral compact et mécaniquement simple, sans recours a des
matériaux actifs ni a des schémas de polarisation complexes.

Les conceptions de FSS autoportantes sensibles a la polarisation sont ensuite étudiées pour
permettre une modulation dépendante de la polarisation et sélective en fréquence dans le
régime térahertz. Des géométries de FSS symétriques et asymétriques, fabriquées a 1’aide de
techniques de découpe laser, présentent des caractéristiques de transmission dépendantes de la
polarisation distinctes, permettant leur utilisation comme polariseurs sélectifs en fréquence et
comme filtres passe-bande accordables. A partir de ces composants, un systéme compact
d’imagerie polarimétrique THz multispectrale, reposant exclusivement sur des mesures
d’intensité, est développé a I’aide d’un détecteur a diode Schottky, et les résultats
expérimentaux suivent étroitement les résultats de simulation attendus. En acquérant des
images d’intensité pour plusieurs orientations de 1’analyseur et a des fréquences discrétes, le
systeme permet I’extraction directe de parameétres polarimétriques tels que les parametres de
Stokes (S0, S1, S2), ainsi que le degré et I’angle de polarisation linéaire, sans détection sensible
a la phase ni recours a des lignes a retard mécaniques. Le systéme est validé par imagerie
polarimétrique d’échantillons anisotropes, démontrant un contraste de polarisation élevé et une
robustesse pratique.

Des ¢études supplémentaires présentées dans les annexes étendent la portée de la thése a un
spectrometre polarimétrique térahertz compact bas¢ sur la technologie CMOS, doté d’une
sensibilité intrinséque a la polarisation, ainsi qu’a une approche simplifiée basée sur un
détecteur pyroélectrique pour la caractérisation des matériaux biréfringents. Collectivement,
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ces travaux font progresser les technologies de surfaces sélectives en fréquence térahertz
reconfigurables (FSS) et les systémes polarimétriques compacts, contribuant au
développement de plateformes de détection et d’imagerie térahertz évolutives, robustes et
adaptées aux applications industrielles.

Mots-clés : imagerie polarimétrique térahertz, spectrometre multispectral compact, surfaces
sélectives en fréquence sensibles a la polarisation (FSS), FSS reconfigurables, découpe laser,
¢lectronique imprimée.
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Intensity based Multispectral Terahertz Polarimetric Imaging Using Frequency-
Selective Surfaces

Redwan AHMAD

ABSTRACT

Terahertz (THz) technologies offer unique capabilities for non-destructive sensing, material
characterization, and imaging; however, their widespread adoption remains limited by the size,
cost, and complexity of conventional spectroscopic and polarimetric systems. This thesis
addresses these challenges by investigating reconfigurable terahertz frequency-selective
surfaces (FSSs) and their integration into compact, intensity-based THz polarimetric systems,
with an emphasis on scalable fabrication and practical system architectures.

Following a comprehensive literature review covering THz generation and detection
techniques, reconfigurable FSS concepts, and THz polarimetric spectroscopy and imaging, the
core contributions focus on the development of distinct reconfigurable techniques on printed
THz FSSs. Tunable spectral responses are demonstrated using inductive metallic checkerboard
structures and Moiré-based FSS configurations, where reconfigurability is achieved through
lateral translation and relative rotation of stacked layers, respectively. These approaches enable
compact and mechanically simple spectral tuning without the need for active materials or
complex biasing schemes.

Free standing polarization-sensitive FSS designs are subsequently investigated to enable
frequency-selective polarization dependent modulation in the THz regime. Symmetric and
asymmetric FSS geometries fabricated using laser-cutting techniques exhibit distinct
polarization-dependent transmission characteristics, allowing their use as frequency-selective
polarizers and tunable band pass filters. Building on these components, a compact
multispectral THz polarimetric imaging system based solely on intensity measurements is
developed using Schottky diode detector and experimental results closely followed the
expected simulation results. By acquiring intensity images at multiple analyzer orientations
and discrete frequencies, the system enables direct extraction of polarization metrics such as
Stokes parameter (So, Si, S2), the degree and angle of linear polarization without phase-
sensitive detection and mechanical delay stages. The system is validated through polarimetric
imaging of anisotropic samples, demonstrating high polarization contrast and practical
robustness.

Additional studies presented in the annexes extend the scope of the thesis to a compact CMOS-
based THz polarimetric spectrometer with intrinsic polarization sensitivity, and a simplified
pyroelectric-detector-based approach for birefringent material characterization. Collectively,
this work advances reconfigurable THz FSS technologies and compact polarimetric systems,
contributing toward scalable, robust, and industrially relevant THz sensing and imaging
platforms.



Keywords: THz polarimetric imaging, compact multispectral spectrometer, polarization
sensitive FSS, reconfigurable FSS, laser cutting, printable electronics
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INTRODUCTION

0.1 Background and motivation

Terahertz (THz) radiation, spanning frequencies from 0.1 to 10 THz, corresponding to
wavelengths between 3 mm and 30 um, occupies the spectral region between microwaves and
infrared light (Chen et al., 2006; Ferguson et al., 2002; Ghann et al., 2017; Heidari, 2015). THz
radiation has emerged as a key technology in applications including medical imaging, security
systems, healthcare, pharmaceuticals, and communication (Jepsen et al., 2010). Among these,
spectroscopic characterization of materials remains the most mature and widely established
application of THz technology to date. In addition to its spectroscopic capabilities, this
frequency range is particularly attractive for imaging applications due to its ability to penetrate
many non-conductive materials, such as plastics, paper, textiles, and polymers, while
remaining non-ionizing and safe for biological tissues (Nakanishi & Satozono, 2020; Wietzke
et al., 2009). Beyond conventional amplitude-based imaging, these characteristics make THz
radiation particularly well suited for polarimetric imaging (see Fig. 0.2). In this context,
polarization acts as an additional measurement dimension, enabling polarization-dependent
interactions that provide enhanced contrast associated with material anisotropy, birefringence,
internal stress distribution, and structural orientation (Van Der Valk et al., 2005; Li et al.,

2023).

THz time-domain spectroscopy (THz-TDS) evolved from the development of optically gated
photoconductive switches introduced by Auston in the late 1970s and early 1980s (Auston,

Electronics Photonics
Radiowaves  Microwaves @ Infrared Visible uv X-Ray Gamma-Ray
104 1070 1072 1074 1076 108 1020
Frequency (Hz)

Figure 0.1 Spectral distribution of frequency in the electromagnetic spectrum



1975; Auston et al., 1983; Auston et al., 1984), enabling ultrafast generation and detection of
electrical transients. By the early 1990s, these advances culminated in the development of THz-
TDS, which enabled direct measurement of the electric field amplitude of THz pulses in the
time domain (van Exter et al., 1989; Grischkowsky et al., 1990). The corresponding phase and
broadband spectral information are subsequently obtained through Fourier transformation,
allowing quantitative spectroscopic characterization of materials. This direct electric-field
measurement fundamentally distinguishes THz-TDS from Fourier-transform infrared (FTIR)
spectroscopy, which measures only intensity (Neu & Schmuttenmaer, 2018). In a typical THz-
TDS configuration, an ultrafast optical pump pulse is used to generate the THz radiation, while
a time-synchronized probe pulse samples the instantaneous THz electric field in a pump—probe
scheme. A motorized mechanical delay line is employed to scan the relative arrival time
between the THz and probe pulses, enabling reconstruction of the time-domain electric-field
waveform. Two principal detection mechanisms are commonly employed in THz-TDS,

namely electro-optic (EO) sampling and photoconductive antenna (PCA) detection (Warren et

(a) (b)
THz-TDS (TPS 3000) Polarimetric Image
0.5 THz-2.5 THz 0.3 THz—0.5 THz

m‘ =

Figure 0.2 Representative images of a formalin-fixed, paraffin-embedded
(FFPE) human hippocampal brain tissue sample obtained using (a) a
commercial THz-TDS system and (b) a polarimetric imaging platform
Taken from (Srinivasan et al., 2017)



al., 1991; Jepsen et al., 2010; Wu et al., 2018). Although based on different physical principles,
both techniques are inherently polarization sensitive. In their standard configurations, each
method measures only a single projection of the THz electric field along a defined detection

axis per scan (Xu et al., 2020).

These capabilities were later extended to polarization-resolved measurements, forming the
foundation of early THz polarimetric spectroscopy and imaging approaches (Van Der Valk et
al., 2005). However, the ultrabroadband nature of pulsed THz radiation, often spanning
multiple octaves, complicates uniform polarization control across the entire spectrum.
Conventional polarization optics exhibit strong frequency-dependent retardance and
transmission, limiting broadband performance (Masson & Gallot, 2006; Takano et al., 2011).
As a result, full polarization characterization, including Stokes or Mueller matrix
reconstruction, typically requires multiple measurements, detector reconfiguration, or complex
detection architectures. Furthermore, polarization measurements are highly sensitive to
sample-induced depolarization, optical alignment, and environmental variations such as
humidity and temperature, introducing uncertainty and imaging artifacts (Withayachumnankul
et al., 2008; Watanabe, 2018; Harris et al., 2024). The dependence on mechanical delay stages
and time-domain acquisition also prolongs measurement times, limiting real-time operation
and reducing suitability for industrial or field applications (Molteni et al., 2023; Cherniak et
al., 2023). In addition, phase-sensitive reconstruction and Mueller-matrix analysis impose
substantial calibration and computational requirements, further constraining practical
deployment (Neshat et al., 2012b; Xu et al., 2020; Chen & Pickwell-MacPherson, 2022; Huang
et al., 2021b).

In contrast to time-domain approaches that rely on mechanical delay stages, continuous-wave
(CW) frequency-domain spectroscopy (FDS) eliminates the need for temporal scanning (Kim
et al., 2009; Rouvalis et al., 2010). However, CW polarimetric measurements introduce a
different limitation: the requirement for sequential frequency sweeping. Since the THz
frequency is tuned point-by-point, spectral acquisition can be time-consuming, particularly
when high frequency resolution or broadband coverage is required. This inherently serial

acquisition process restricts the suitability of CW systems for dynamic measurements or large-



area imaging applications. In addition, polarization analysis in CW systems required sequential
projection of the THz field onto different polarization states using mechanically rotated wire-
grid polarizers. Stokes parameter reconstruction therefore requires multiple measurements at
each frequency point, further increasing acquisition time and system complexity (Martens et
al., 2009). Each polarizer orientation demands independent calibration and precise alignment,
making the measurement susceptible to mechanical inaccuracies and alignment drift. The
extended acquisition duration also increases sensitivity to environmental perturbations,
including vibration and thermal fluctuations, which can degrade measurement stability and
overall reliability. Collectively, these requirements hinder the development of compact, fast,
portable, and robust THz polarimetric imaging platforms capable of reliable operation outside

controlled laboratory environments.

In the visible and near-infrared (VIS/NIR) range, compact polarimetric cameras commonly
employ micro-polarizer arrays, where each super-pixel contains sub-pixels oriented at 0°, 45°,
90°, and 135° (Wolff & Andreou, 1995; Liu et al., 2025b). This enables simultaneous
acquisition of polarization-resolved intensities and reconstruction of Stokes parameters (So, S1,
$2), as well as derived quantities such as degree and angle of linear polarization. More
generally, VIS/IR systems demonstrate that key polarization parameters can be retrieved using
intensity-only measurements through spatial or spectral polarization modulation (Lapray et al.,
2018; Raffoul et al., 2022). These systems achieve high-speed, robust, and compact imaging
without relying on phase-resolved detection, however, their operation is primarily limited to
surface or near-surface interactions due to strong scattering and absorption in many dielectric
materials, restricting subsurface penetration and bulk material characterization (Applegate et
al., 2020). These considerations motivate the exploration of alternative THz polarimetric
imaging architectures that preserve polarization sensitivity while relying exclusively on
intensity-based detection. In this context, frequency and polarization selective THz approaches
offer a promising pathway toward compact, fast, and robust polarimetric imaging platforms.
By directly sampling discrete THz frequency bands, such architectures eliminate mechanical
delay scanning and significantly reduce system complexity. When combined with polarization
sensitivity, they enable polarization-resolved measurements at selected frequencies using

simple and compact detector technologies.



0.2 Problem statement and their potential solutions

THz frequency-selective surfaces (FSSs) play a crucial role in a wide range of applications,
including spectral filtering, polarization control, sensing, and imaging systems (Ebrahimi et
al., 2015). Achieving such functionalities relies on accurate patterning and fabrication of
subwavelength resonant structures. The fabrication of THz FSSs has been demonstrated using
a variety of techniques, including photolithography, printable electronics, laser-based
microfabrication, and 3D printing (Sushko et al., 2017; Kashiwagi et al., 2016; Kubiczek et
al., 2024; Wang et al., 2022). These fabrication approaches enable a wide range of FSS
geometries and material platforms, facilitating precise control of resonance frequency,
bandwidth, and polarization response. Beyond static implementations, reconfigurable THz
FSSs have attracted significant attention as a means of achieving tunable spectral responses,
enabled by approaches such as geometric modification, multilayer stacking, and external
actuation mechanisms. Early studies primarily focused on altering the effective
electromagnetic response of FSS structures using hybrid graphene-based designs, phase-
change materials such as vanadium dioxide (VO3), thermally tunable elements, and multilayer
FSS architectures (Vegesna et al., 2014; Yan et al., 2016; Dong et al., 2018; Lv et al., 2022),
enabling dynamic control of resonance frequency and transmission characteristics. While these
strategies successfully demonstrate spectral reconfigurability, they often suffer from increased
system complexity, higher fabrication cost, limited scalability, and the need for external stimuli
such as electrical biasing, thermal control, or optical pumping. To overcome these limitations
and to enable cost-effective and simplified reconfigurable THz filtering technologies,
mechanical reconfigurability could be applied to printed THz FSSs emerges as a particularly
promising alternative, offering robustness, simplicity, and compatibility with large-area

fabrication.

An alternative route toward reconfigurability involves polarization-sensitive frequency-
selective surfaces (PS-FSSs), where the spectral response is controlled by the polarization state
of the incident wave. Several PS-FSS implementations have been reported, predominantly
fabricated using photolithography-based techniques (Chen et al., 2013; Vegesna et al., 2014;

Li et al., 2019). However, these approaches are frequently constrained by complex multilayer



designs or high-cost fabrication processes, limiting their practicality for scalable THz systems.
In this context, rectangular-slot array FSSs are particularly attractive, as they can exhibit strong
polarization-dependent transmission contrast when the incident polarization angle is varied
with respect to the slot’s long axis (Hong et al., 2013; Hong et al., 2017). Despite this
potential, a single-layer, free-standing frequency-selective polarizer exhibiting angular-
dependent transmission behavior that follows Malus’ law has not yet been reported in

the literature, motivating further investigation in this direction.

Furthermore, rotatable THz filter wheels represent an effective strategy for achieving tunability
and reconfigurability in THz systems. A significant milestone in this area was the introduction
of the first circular variable THz filter, reported by (Grossman, 2006), which demonstrated that
spatially varying frequency-selective structures distributed along a rotating element can
provide spectral selectivity through mechanical rotation (see Fig. 0.3(a)). Building on this
concept, several compact, intensity-based THz spectrometers employing arrays of FSSs or
metasurfaces mounted on rotating wheels have been reported (Carelli et al., 2012; Sebastian et
al., 2026). These architectures, as shown in Fig. 0.3(b-c), offer a lightweight, low-cost, and
mechanically robust alternative to conventional THz time-domain spectroscopy, by directly
sampling discrete THz frequency bands in real time without relying on mechanical delay
stages. A range of detectors, including bolometers and Schottky diode detectors, have been
employed in filter-based THz spectrometers due to their compactness, robustness, and
suitability for real-time operation (Carelli et al., 2012; Sebastian et al., 2026). Early
metasurface-on-wheel spectrometers primarily relied on bolometric detection, which, although
highly sensitive, suffers from slow response times that limit high-speed measurements (Carelli
et al., 2012). Subsequent developments demonstrated multispectral THz spectrometers based
on FSS wheels combined with Schottky diode detectors, enabling significantly faster
acquisition speeds and real-time spectral readout (Sebastian et al., 2026). However, these
implementations were restricted to spectral intensity measurements and did not
incorporate polarization sensitivity. The lack of polarization selectivity in existing filter-
based THz spectrometers limits their applicability in polarimetric imaging and

anisotropic material characterization, where polarization-dependent interactions carry
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Figure 0.3 (a) Circular variable THz filter based on cross shape geometry
Taken from (Grossman, 2006) (The image quality is limited due to the low
resolution of the available online version)

(b) compact THz spectrometer based on bolometric detection
Taken from (Carelli et al., 2012)
and (c) THz FSS based multi-spectral spectrometer using Schottky diode
detector
Taken from (Sebastian et al., 2026)

essential information related to birefringence, structural orientation, and depolarization

effects.

In analyzer-based THz polarimetric systems, polarization state projection is typically achieved
using wire-grid polarizers placed along the THz beam path, either for sequential state selection
or polarization modulation. Such implementations, including those reported by Gurjar et al.
and Morris ef al., rely on polarization optics positioned before detection to isolate specific field
components. While effective, the use of multiple polarizing elements introduces additional
alignment sensitivity (Gurjar et al., 2024b; Morris et al., 2012). A more compact strategy is to

integrate polarization discrimination directly into the frequency-selective elements themselves.



Polarization-sensitive FSS can simultaneously function as band-pass filters and polarization
analyzers, enabling polarization-resolved spectral measurements using a single rotating
element. When PS-FSS architectures implemented on a rotatable wheel and combined with
fast intensity-based detectors such as Schottky diode or CMOS detectors, provide a direct
pathway toward real-time, multispectral THz polarimetric spectrometer and imaging. This
concept forms the basis for compact, fast, and robust THz polarimetric imaging systems,
addressing the limitations of existing THz-TDS-based polarimetric techniques and paving the
way toward industrial deployment, as well as facilitating broader scientific applications in

material characterization, anisotropy analysis, and polarization-sensitive spectroscopy.

0.3 Objectives of the research

Motivated by these considerations, the primary goal of this thesis is to develop compact, fast,
and intensity-based multi-spectral THz polarimetric imaging platforms enabled by

polarization-sensitive FSS. The specific research objectives are summarized as follows:

Objective 1: To develop reconfigurable methods of THz FSS, enabling tunable spectral

and polarization responses through geometrical design and mechanical reconfiguration.

Objective 2: To design and fabricate free-standing, single-layer polarization-sensitive
THz FSS using scalable and cost-effective fabrication techniques, with an emphasis on

robustness, simplicity, and followed by well defined angular transmission.

Objective 3: To develop a compact multispectral THz polarimetric spectrometer and
imaging system based on a polarization-sensitive FSS wheel architecture, enabling direct
extraction of polarization metrics using intensity-only detection without phase-sensitive

measurements.

0.4 Thesis structure

Following the introduction, the thesis is structured as follows. The following chapter provides
a detailed review of relevant literature, introducing the theoretical background, prior
developments, and methodological frameworks necessary for the subsequent chapters.

Different types of THz generation and detection schemes are described. This chapter also



discusses prior work on THz reconfigurable FSS with different tunability and fabrication
techniques. The literature review also discusses the challenges of conventional THz
spectrometer and THz polarimetric imaging system. The following four chapters present
reconfigurability techniques of THz FSS and compact THz polarimetric system to achieve the

proposed research objectives, which resulted in the journal publications.

Chapter 2 is based on the published article (Ahmad et al., 2024) entitled “Reconfigurable
screen-printed terahertz frequency selective surface based on metallic checkerboard pattern.”
In this chapter, a mechanically reconfigurable FSS is investigated through numerical
simulations and experimental measurements. Two identical layers of inductive metallic
checkerboard (i-MCB) FSS are employed, with reconfigurability achieved by laterally shifting
one layer along the x- and y-axes while keeping the other fixed. The resulting variation in the
spectral response is systematically analyzed. In addition, the polarization sensitivity of the i-
MCB FSS configuration with a relatively shifted i-MCB is examined to assess its polarization-

dependent transmission characteristics.

Chapter 3 is based on the published article (Ahmad et al., 2023) entitled “Reconfigurable
terahertz Moiré frequency selective surface based on additive manufacturing technology.” This
chapter presents the design, fabrication, and characterization of a reconfigurable THz FSS
based on a Moir¢ interference concept. Two identical FSS layers fabricated using additive
manufacturing techniques are stacked and rotated relative to each other to achieve tunable
spectral responses. The impact of relative rotational alignment on the transmission
characteristics is studied through analytical modeling, numerical simulations, and
experimental validation. The chapter demonstrates that Moiré-based reconfiguration provides
an effective, mechanically simple approach to achieving tunable THz filtering responses while

maintaining a compact, scalable fabrication strategy.

Chapter 4 is based on the published article (Ahmad et al., 2026) entitled “Polarization-sensitive
terahertz frequency-selective surface based on a laser cutting technique”. Whereas the
preceding chapters focused on reconfigurability achieved with double-layer FSSs, this chapter
presents the numerical and experimental investigation of free-standing single-layer

polarization-sensitive FSS designs. The polarization-dependent transmission responses of both
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FSS designs are systematically analyzed, demonstrating their suitability as polarization-
dependent spectral modulators within specific THz frequency bands. By varying the incident
polarization angle, the C-shaped FSS exhibits a tunable band-pass filtering response with well-
defined spectral separation as the polarization state is rotated by 90°. In contrast, the
rectangular-slot FSS operates as a frequency-selective polarizer, showing angular-dependent
transmission that closely follows Malus’ law. These results highlight the distinct polarization-
modulation mechanisms enabled by symmetric and asymmetric FSS geometries, respectively,

realized via a laser-cutting fabrication approach.

Chapter 5 is based on the submitted article entitled “Terahertz multi-spectral polarimetric
imaging based on intensity measurement.” This chapter presents the development and
experimental demonstration of a THz polarimetric spectrometer and imaging system that relies
exclusively on intensity-only measurements. The proposed approach employs polarization-
sensitive FSS as both spectral filters and polarization analyzers, enabling compact and robust
multi-spectral THz polarimetric imaging without phase-sensitive detection. By acquiring
intensity images at distinct PS-FSS orientations, the system allows direct extraction and spatial
mapping of polarization metrics, including the degree of linear polarization (DoLP) and angle
of linear polarization (AoLP), at multiple discrete THz frequency bands and thereby measured
frequency dependent birefringence through optimization algorithm. The capability of the
proposed system is validated through polarimetric imaging of anisotropic samples,
demonstrating high DoLLP and AoLP contrast and highlighting the suitability of the approach

for fast, practical, and industrially relevant THz polarimetric imaging applications.

Chapter 6 presents the conclusions and recommendations of this thesis. The main findings from
each chapter are briefly summarized, highlighting the key contributions to THz FSS,
reconfigurable filtering techniques, and multispectral polarimetric imaging and spectroscopy.
The chapter also outlines potential directions for future research, including system
optimization, advanced polarimetric architectures, and the translation of the proposed
techniques toward practical industrial implementation as well as broader scientific applications

in terahertz sensing and characterization.
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In addition to the main chapters, this thesis includes three annexes that provide complementary
investigations and extended experimental studies related to THz wave manipulation and
polarization analysis. Annex [ presents the design, fabrication, and experimental
characterization of printed THz spiral zone plates for vortex beam generation, emphasizing
low-cost and scalable printable electronics techniques for realizing phase-engineered THz
diffractive optics. The feasibility of mass-producible THz phase-control components is
demonstrated, with vortex beam generation experimentally validated using a THz

microbolometric camera operating in both transmission and reflection configurations.

Annex II introduces a compact THz polarimetric spectrometer based on a CMOS detector with
an integrated linearly polarized antenna, enabling intrinsic polarization-sensitive detection. In
contrast to the Schottky-based polarimetric spectrometer discussed in the main body of the
thesis (chapter 5), where the detector is polarization-insensitive and polarization-dependent
spectral modulation is achieved using a PS-FSS wheel. This annex explores polarization
analysis using a polarization-sensitive detector. The system operates at two discrete frequency
bands and measures four linear polarization orientations. Simulation results are first examined
and subsequently validated through experimental measurements, with the objective of
evaluating the response of different PS-FSS analyzer orientations and highlighting the

differences between polarization-sensitive and polarization-insensitive detection schemes.

Annex III investigates a simplified THz polarimetric measurement approach for the static
characterization of birefringent samples, using a polarization-insensitive pyroelectric detector
and a frequency selective polarizer. A broadband photoconductive antenna is employed as the
THz source, while polarization information is obtained through external modulation by
rotating the sample orientation. Although the inherently slow temporal response of the
pyroelectric detector restricts dynamic measurements, this cost-effective and conceptually
simple configuration provides a useful reference platform that complements the faster
Schottky-based (Chapter 5) and CMOS-based polarimetric systems (Annex II) presented in

this work.
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CHAPTER 1

BACKGROUND AND LITERATURE REVIEW

1.1 Introduction

Over the past two decades, significant advances in ultrafast laser technology, nonlinear optics,
and microfabrication have enabled robust and application-ready THz-TDS systems, along with
a growing range of specialized THz sensing platforms. However, despite this progress,
challenges remain in achieving compact, efficient, polarization-sensitive, and frequency-
selective THz systems suitable for both laboratory and real-world environments. This chapter
provides the foundational background necessary to contextualize the contributions of this
thesis. It begins with an overview of THz generation mechanisms, including photoconductive
and nonlinear optical approaches, followed by a detailed discussion of detection techniques,
emphasizing coherent field-resolved methods such as photoconductive antennas and electro-
optic sampling. The chapter then introduces THz time-domain spectroscopy as the primary
framework for coherent THz measurement. Building on this foundation, FSS, metasurface-
inspired architectures, and polarization-sensitive THz structures are reviewed, highlighting
their role in tailoring amplitude, phase, and polarization responses. Reconfigurable and tunable
THz FSS platforms are discussed in the context of emerging adaptive electromagnetic systems.
Since fabrication plays a critical role in translating theoretical designs into practical devices,
key microfabrication approaches including lithography, printable electronics, 3D printing, and
laser-based techniques are subsequently summarized. The chapter further introduces compact
THz spectrometers and polarization-resolved measurement systems, with particular attention
to THz polarimetry and polarimetric imaging architectures. Existing PCA and electro-optic—
based and alternative intensity-based approaches are reviewed, along with their advantages and
limitations in scattering media and biomedical contexts. Finally, identifying current
technological gaps and motivating the need for scalable, compact and fast multispectral
polarimetric imaging platform. This literature review establishes the theoretical and

technological framework upon which the research contributions of this thesis are developed.
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1.2 THz generation

As discussed previously, THz radiation occupies the spectral region between microwaves and
infrared radiation. Because of this intermediate position, THz emitters can be broadly classified
into electronic and optical (photonic) approaches. Electronic sources, typically derived from
microwave and radio-frequency technologies such as frequency multiplier chains, resonant
tunneling diodes, and vacuum electronic devices, undergo substantial performance degradation
at higher frequencies due to carrier transit-time effects, parasitic capacitance, and increasing
conductive losses (Dhillon et al., 2017). Although electronic architectures have been extended
into the THz regime, their output power and efficiency decrease significantly beyond several
hundred gigahertz, making practical high-power operation above ~1 THz challenging (Mehdi
et al., 2003; Ward et al., 2004). As a result, electronic solutions are most effective in the sub-
THz to lower-THz range. In contrast, optical approaches can be broadly classified into three
main categories: photoconductive antennas, photomixing techniques, and nonlinear optical
generation (e.g., optical rectification and difference-frequency generation) (Warren et al.,
1991; Jepsen et al., 2010; Wu et al., 2018; Kim et al., 2009). In this work, conducted within an
ultrafast optical laboratory environment, we focus exclusively on optical THz generation
methods. In particular, the generation techniques considered in this thesis include
photoconductive antenna-based THz generation, optical rectification in nonlinear crystals, and

continuous-wave photomixing.

1.2.1 Photoconductive broadband THz generation

The photoconductive antenna is the most widely used and extensively studied techniques for
generating pulsed THz radiation. It consists of two metallic electrodes separated by a small
gap fabricated on a semiconductor substrate exhibiting a short charge-carrier lifetime
(Lepeshov et al., 2017; Burford et al., 2017) as illustrated in Fig. 1.1. When the
photoconductive gap is illuminated by an ultrashort femtosecond laser pulse, photogenerated
charge carriers are created within the semiconductor. Under an applied DC bias across the
electrodes, these carriers are rapidly accelerated by the bias electric field, resulting in an

ultrafast transient photocurrent J(¢). According to Maxwell’s equations, the radiated electric
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Figure 1.1 Illustration of a PCA
employed for THz generation, where an
ultrafast optical pulse excites charge
carriers in a biased photoconductive gap,
resulting in broadband THz emission
Taken from (Lepeshov et al., 2017)

field in the far field is proportional to the time derivative of the current density (Jepsen et al.,

2010).

dJ ()

= (1.1)

ETHZ (t) o

Thus, the rapid temporal variation of this photocurrent generates broadband THz radiation.
The ultrafast rise and decay of J(¢) lead to a wide spectral bandwidth, and the emitted THz

pulse is efficiently coupled to free space through the antenna structure.

The bandwidth and amplitude of the emitted THz pulse are primarily influenced by the
antenna geometry particularly the electrode gap size and bias field distribution followed by the
optical pulse duration, carrier mobility, and carrier lifetime (Liu et al., 2003). Typical PCA
systems employ femtosecond lasers with pulse durations of 50-100 fs at wavelengths around

near-IR, enabling THz bandwidths extending to several THz.

THz PCAs are most commonly realized using bulk gallium arsenide (GaAs) or indium gallium

arsenide (InGaAs) substrates, owing to their fast carrier dynamics and compatibility with
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ultrafast optical excitation (Salem et al., 2005; Winnerl et al., 2008; Moon et al., 2014; Tani et
al., 1997; Warren et al., 1991; Takazato et al., 2007; Takazato et al., 2007b; Chimot et al.,
2005; Suzuki et al., 2005; Wood et al., 2010). The choice of material is primarily dictated by
the semiconductor bandgap energy relative to the optical pump wavelength. GaAs-based PCAs
are optimized for excitation near 800 nm, making them well suited for Ti:Sapphire laser
systems, whereas InGaAs-based devices are engineered for operation at 1.55 um and are
therefore compatible with fiber-laser platforms. In practice, GaAs remains a widely used
material platform, particularly in the form of semi-insulating GaAs (SI-GaAs), valued for its
high resistivity and low free-carrier absorption, and low-temperature-grown GaAs (LT-GaAs),
which provides sub-picosecond carrier lifetimes suitable for ultrafast photoconductive THz

generation and detection.

The THz emission in a PCA originates primarily from the ultrafast acceleration of
photocarriers under an applied bias field, rather than from photon down-conversion processes.
Consequently, the radiated THz energy is predominantly supplied by the external bias source,
while the optical pulse mainly acts to generate photocarriers that enable the transient current.
This mechanism allows comparatively high conversion efficiency when driven by oscillator
lasers with modest pulse energies and peak intensities (e.g., ~80 MHz systems), which explains
why PCAs are widely employed in oscillator-based THz platforms. Nevertheless, PCA
performance is ultimately constrained by carrier screening, thermal accumulation at high

repetition rates, bias-field saturation, and optical damage at elevated pump fluences.

1.2.2 Nonlinear generation of THz waves

In non-centrosymmetric crystals, a second-order nonlinear optical process known as optical
rectification enables the generation of THz radiation. Commonly used nonlinear crystals for
this purpose include zinc telluride (ZnTe), gallium phosphide (GaP), lithium niobate (LiNbO3)
etc. When an intense ultrashort optical pulse propagates through a second-order nonlinear
medium, it induces a time-dependent nonlinear polarization that radiates broadband THz
pulses via optical rectification (Tian et al., 2021; Wu et al., 2018), as schematically illustrated

in Fig.1.2.
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Figure 1.2 Graphical representation of nonlinear THz generation in
an electro-optic (EO) crystal driven by ultrafast optical excitation
Taken from (Banerjee et al., 2021)

THz radiation in nonlinear crystals originates from second-order nonlinear optical interactions

governed by the nonlinear polarization as follows (Boyd, 2008):

PO (1) = e, 7V E* (1) (1.2)

where &9 is the vacuum permittivity and y® is the second-order susceptibility tensor. This

nonlinear polarization acts as a source term for new frequency components.

When two optical waves with angular frequencies @ and w> interact in such a medium,

difference-frequency generation (DFG) occurs, producing radiation at
Oppg = |a)1 _a)2| (1.3)
The nonlinear polarization driving this process in the frequency domain can be written as
PP (wpp) o gy VE(0)E™ (w,) (1.4)

If the frequency separation between w; and w: lies in the THz range, coherent THz radiation
is generated. In the case of femtosecond optical excitation, the pulse contains a continuum of
spectral components. Mixing between nearby spectral components within the same pulse
produces low-frequency components extending into the THz regime. This intrapulse
difference-frequency mixing is commonly referred to as optical rectification (OR). In the time

domain, the nonlinear polarization responsible for OR can be approximated as
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indicating that the generated THz field follows the temporal intensity envelope of the optical
pulse. Because the emitted THz radiation originates from the rapidly varying nonlinear

polarization, shorter excitation pulses yield broader THz spectra.

The temporal profile and bandwidth of the emitted THz pulse are primarily governed by the
spectral bandwidth of the excitation pulse and by the phase-matching condition between the
generated THz field and the optical pump pulse. Efficient THz generation via optical
rectification requires velocity matching between the optical pump and the generated THz wave,
as shown in Fig. 1.3. Specifically, the group velocity of the optical pump pulse must closely
match the phase velocity of the THz wave, which implies that the THz refractive index ntu,

should be close to the optical group index ng. The condition becomes (To6th et al., 2023)

Vi =Vg " (COSY) (1.6)

Figure 1.3 (a) Propagation of the tilted pump pulse front along z" and the
generated THz radiation along z, with snapshots at #1 and #,. (b) Transmission
grating—induced tilt of the initially normal pump pulse. (c) Schematic of the
conventional tilted pulse-front pumping (TPFP) setup for THz generation
Taken from (Toth et al., 2023)
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where vth; 1s the THz phase velocity, vP"™ is the optical pump group velocity, and y is the
pulse-front tilt angle between the pump pulse front and the THz propagation direction.
Diffraction gratings and echelon-based schemes represent the most widely adopted techniques

for generating pulse-front tilt.

In ZnTe, this condition is well satisfied for excitation wavelengths around 800 nm, enabling a
simple collinear configuration and making ZnTe particularly well suited for use with
Ti:sapphire laser systems. When a nonlinear crystal such as ZnTe (=1 mm thickness) is excited
by 100 fs laser pulses at a central wavelength of 800 nm, broadband THz transients with
spectral content extending up to approximately 2.5 THz can be generated through optical
rectification (Wu et al., 1996; Zhai et al., 2021). In addition to ZnTe, nonlinear crystals such
as GaP, GaSe, and DAST also enable collinear phase-matching schemes for efficient THz

generation (Vugmeyster et al., 2012; Schneider et al., 2006).

Lithium niobate (LN), by contrast, possesses a significantly larger second-order nonlinear
coefficient, enabling higher potential optical-to-THz conversion efficiency. However, its
optical group index (~2.2-2.3) differs substantially from its THz refractive index (~5.0-5.2),
preventing collinear phase matching. To overcome this strong velocity mismatch, the tilted-
pulse-front (TPF) technique is employed. By introducing angular dispersion to tilt the optical
pulse front (~63°), the projected optical group velocity is matched to the THz phase velocity,
enabling efficient non-collinear phase matching and enhanced conversion efficiency.
Nevertheless, strong phonon-induced THz absorption in LN limits the usable spectral range,
typically suppressing emission above approximately 4 THz (Blanchard et al., 2014; Guiramand
et al., 2022; Hoffmann et al., 2007; Yeh et al., 2007; Carletti et al., 2023; Hirori et al., 2011;
Hebling et al., 2002; Jang et al., 2020; Ma et al., 2022).

OR is widely used in THz-TDS because the nonlinear crystal is pumped within its transparency
window, minimizing optical absorption and thermal effects, and enabling broadband THz
generation for spectroscopic and imaging applications. The conversion efficiency scales with
the square of the optical electric field, and thus with the square of the peak optical intensity,
requiring high-intensity femtosecond pulses typically provided by amplified laser systems

which can deliver pJ-mJ pulse energies.
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1.2.3 Continuous wave THz generation

In contrast to pulsed THz sources, continuous-wave (CW) THz generation produces narrow-
linewidth, frequency-stable radiation at a single frequency, while remaining widely tunable
across the THz band. This makes CW systems particularly attractive for high-resolution
spectroscopy, sensing, and communication applications. CW THz sources enable precise
frequency tuning and long-term phase stability, making them well suited for measurements
requiring narrow linewidths and absolute frequency control (Gu et al., 1999). Several
approaches have been developed to generate CW THz radiation, including electronic
frequency multiplication, quantum cascade lasers, and optical photomixing techniques. A
widely used approach for generating CW THz radiation is photomixing, which relies on the
optical beating of two continuous-wave laser sources with nearly identical optical wavelengths
A1 and A2, whose frequency difference lies in the THz range. When these two optical fields are
incident simultaneously on a biased semiconductor photomixer, their interference produces an
intensity modulation at the optical beat frequency (Kim et al., 2009; Rouvalis et al., 2010;
Kong et al., 2018). If the photoconductive material exhibits sufficiently fast carrier dynamics,
characterized by short momentum relaxation and recombination times relative to the THz
oscillation period, the generated photocurrent can follow the optical beat signal, resulting in an

oscillating current at THz frequencies.

1 1

A4

(1.7)

Vig: =€

where c is the speed of light in vacuum. By precisely tuning the wavelength separation between
the two lasers, the generated THz frequency can be continuously adjusted over a broad spectral

range.

When the photomixer is integrated with a suitably designed antenna, such as a dipole, bow-tie,
or logarithmic spiral antenna, the oscillating photocurrent is efficiently coupled into free space,
resulting in the emission of CW THz radiation. In contrast to pulsed THz generation schemes,
photomixing inherently produces a single-frequency (narrowband) THz output, with the
spectral linewidth primarily determined by the coherence and frequency stability of the optical

laser sources. In a typical CW THz spectroscopy system, the optical outputs of the same pair
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Figure 1.4 (a) Schematic of a CW THz spectroscopy system for THz generation and
detection; and (b) measured spectrum obtained from a frequency scan
Taken from (TeraSense, 2018)

of single-frequency lasers are split and directed to both the transmitter and receiver
photomixers, ensuring mutual coherence between THz generation and detection. This coherent
configuration enables phase-sensitive detection of the THz field and is schematically illustrated
in Fig. 1.4. By sweeping the frequency difference vru, between the two lasers, the system can

perform frequency-domain THz spectroscopy over a wide bandwidth.

The bandwidth of a CW THz photomixing system is governed by factors similar to those in
THz-TDS, including the frequency response of the photomixers, antenna characteristics, and
optical alignment. However, a key advantage of CW THz spectroscopy is its exceptionally
high frequency resolution, far surpassing that of conventional THz-TDS systems. This makes
CW photomixing particularly attractive for applications requiring precise spectral
discrimination, such as gas-phase spectroscopy, molecular rotational transitions, and high-Q

resonant structures.

Despite these advantages, CW THz systems require highly stable and precisely controlled laser
wavelengths, which increases system complexity and sensitivity to environmental
perturbations. Although the absolute emitted THz power may be modest compared to pulsed

systems, coherent CW photomixing platforms provide excellent dynamic range, narrow
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linewidth, and wide tunability, enabling superior spectral resolution. These characteristics
make CW THz spectroscopy a powerful and complementary technique to pulsed THz-TDS,

particularly for high-resolution spectroscopic investigations.

1.3 THz detection
1.3.1 PCA based detection

THz detection systems employ a variety of technologies to capture and analyze THz radiation,
each offering distinct operational principles, bandwidths, and levels of phase sensitivity.
Among these, PCAs are the most widely used detectors in THz-TDS due to their broadband
response and coherent detection capability. In particular, PCA detectors are most commonly
employed in oscillator-based THz-TDS systems operating at high repetition rates (e.g.,
Ti:sapphire oscillators with nJ pulse energies). A typical photoconductive antenna consists of
two closely spaced metallic electrodes fabricated on a semiconductor substrate, forming a
photoconductive switch with a few-micron gap. In detection mode, unlike THz generation, the
antenna is not externally biased. Instead, the incident THz electric field induces a transient
voltage across the electrode gap, effectively acting as a time-varying bias field
(Katzenellenbogen et al., 1991; Tani et al., 2002; Formanek et al., 2009; Kohlhaas et al., 2019).
A schematic representation of this detection mechanism is provided in Fig. 1.5. When the
photoconductive gap is illuminated by an ultrafast optical gating pulse, photocarriers are
generated within the semiconductor, and the instantaneous THz-induced electric field

accelerates these carriers, giving rise to a measurable photocurrent.

The transient photocurrent in a photoconductive antenna arises from the convolution of the
incident THz electric field with the time-dependent photoconductivity induced by the ultrafast

optical gate pulse,

J(@) o [ By (0g(t -1yt (1.8)

Where 7 is the relative delay between the THz and optical pulses and g(#) describes the carrier

response (Jepsen et al., 2010). In the limit of an ultrafast photoconductivity response, the
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PC current Jq,(t) ~ Eqy (1)
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Figure 1.5 Schematic overview of the principle of PCA
based THz detection
Taken from (Sizov et al., 2010)

detected current becomes directly proportional to the instantaneous THz electric field, enabling

coherent, phase-resolved detection.

To improve the signal-to-noise ratio, the weak photocurrent induced by the THz field is
typically converted into a measurable voltage using a low-noise transimpedance amplifier. The
resulting amplified signal is directly proportional to the instantaneous THz electric field
sampled at the moment of optical gating. In THz-TDS systems, both the THz emitter and the
PCA detector are commonly driven by synchronized portions of the same femtosecond laser
pulse train. This shared optical reference ensures precise timing synchronization between
generation and detection, which is essential for coherent detection and accurate reconstruction

of the THz waveform.

One of the most critical material parameters governing PCA detection performance is the
carrier lifetime of the photoconductive substrate. In a PCA detector, the incident THz electric
field induces a transient voltage across the electrode gap, but a measurable photocurrent is
generated only when the optical gating pulse creates photocarriers. For efficient field-resolved
detection, the photoconductivity must rise and decay on a timescale shorter than the oscillation

period of the THz field. Therefore, a short carrier lifetime is essential to ensure that the induced
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photocurrent remains directly proportional to the instantaneous THz electric field. Since the
required temporal response becomes shorter for higher THz frequencies, achieving detection
of higher-frequency components necessitates increasingly shorter carrier lifetimes (Jepsen et

al., 2010; Neu & Schmuttenmaer, 2018).

Materials such as low-temperature-grown GaAs (LT-GaAs) are widely used because they
provide sub-picosecond carrier lifetimes while maintaining sufficient carrier mobility for
efficient photocurrent generation. Although the carrier mobility in LT-GaAs (typically a few
hundred cm?/V-s) is significantly lower than in semi-insulating GaAs, the carrier lifetime
remains the dominant factor for broadband PCA detection performance. In contrast, semi-
insulating GaAs, despite its higher mobility, generally exhibits longer carrier lifetimes and is

therefore less suitable for high-bandwidth PCA detection.

In both PCA emitters and detectors, a hemispherical silicon lens is commonly attached to the
substrate on the THz side. This lens reduces total internal reflection at the semiconductor—air
interface, narrows the THz emission and collection angle, decreases Fresnel losses, and
significantly improves overall coupling efficiency and signal strength. While PCA-based
detectors provide broadband, phase-sensitive THz detection and are particularly well suited to
oscillator-based systems, their performance depends critically on ultrafast optical gating and

precise optical alignment.

1.3.2 EO sampling

Another coherent detection technique is electro-optic (EO) sampling, which relies on the
Pockels effect in a nonlinear crystal. In this process, the THz-induced birefringence in the
nonlinear crystal leads to a change in the polarization of the optical probe, which can be
measured using polarization optics and balanced photodetectors (Guiramand et al., 2022; Balos
et al., 2023; Maeng et al., 2012; Banerjee et al., 2021). When a THz electric field propagates
through an EO crystal, it induces a transient birefringence proportional to the instantaneous
THz field strength. The induced change in refractive index can be expressed as (Beckh et al.,

2021)
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1
A1) =5 1y B (1) (1.9)

where 7 is the refractive index at the optical probe wavelength, resr is the effective electro-optic

coefficient, and ETn, (¢) denotes the time-dependent THz electric field.

As a short optical probe pulse traverses the crystal of thickness L, the THz-induced
birefringence results in a phase retardation (Blanchard et al., 2007; Beckh et al., 2021)

o’ Tyl

A0 =2 an(o)1 - Epp(0) (1.10)
This phase modulation is converted into an intensity variation using polarization optics and
balanced photodetection. For small phase shifts, the detected signal is approximately

proportional to the THz electric field.

By scanning the temporal delay between the THz pulse and the optical probe pulse, the full

time-domain electric field Etu.(f) can be reconstructed. Fourier transformation of the time-
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Figure 1.6 Schematic of the experimental configuration for THz pulse generation
using LiNbOs (LN) and subsequent detection through EO sampling
Taken from (Guiramand et al., 2022)
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domain waveform then yields the complex frequency-domain spectrum, enabling extraction of

amplitude and phase information of the THz radiation.

Both photoconductive antennas and electro-optic sampling enable coherent detection, allowing
simultaneous measurement of the amplitude and phase of broadband THz pulses. By scanning
the relative time delay between the THz pulse and the optical probe, the temporal evolution of
the THz electric field can be mapped with sub-picosecond resolution, as schematically
illustrated in Fig. 1.6. The temporal resolution of EO sampling is fundamentally limited by the
duration of the optical probe pulse, since the probe acts as a temporal gate for the THz field.
To accurately resolve high-frequency THz components, the probe pulse duration should be
significantly shorter than the oscillation period of the highest THz frequency of interest. In
practice, probe pulses of approximately 50-100 fs are commonly recommended to achieve
broadband detection extending to several THz. Fourier transformation of the time-domain
signal provides access to the frequency-domain response, forming the basis of THz time-

domain spectroscopy.

14 THz time domain spectroscopy

In the THz range, many materials exhibit unique spectral fingerprints that can be used for
identification (Neu & Schmuttenmaer, 2018). A typical THz time-domain system consists of
a femtosecond laser, an optical beam splitter, beam steering mirrors, delay stages, THz beam
focusing, off-axis parabolic mirrors, and a THz emitter and detector, often based on
photoconductive antennas or electro-optic sampling. A beam splitter (BS) divides the output
of the femtosecond laser into two beams. One beam is used to generate the THz radiation,
typically modulated at frequency f, while the other serves as a probe for detection. The probe
beam passes through a mechanical delay line before interacting with the THz pulse at the
detector, as illustrated in Fig. 1.7. The delay line is utilized to modify the arrival time of the
probe pulse relative to the THz transient, thereby enabling time-resolved sampling of the THz

electric field and reconstruction of the time-domain waveform.

Through this pump—probe detection scheme, the electric field of the THz pulse is directly

measured in the time domain (van Exter et al., 1989; Grischkowsky et al., 1990). The spectral
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Figure 1.7 THz-TDS schematic using femtosecond laser pulses for coherent THz
generation and detection
Taken from (Maeng et al., 2012)

information of the THz pulse is subsequently obtained by Fourier transformation of the
measured transient electric field (Neu & Schmuttenmaer, 2018). Unlike traditional Fourier-
transform spectroscopy, which detects only intensity, THz-TDS retrieves the full complex
electric field. From the complex transmission function obtained by Fourier transforming both
the reference and transmitted pulses, the complex refractive index and absorption coefficient
of the material can be directly calculated without invoking Kramers—Kronig relations (Jackson,
1999). Consequently, THz-TDS enables simultaneous determination of the real and imaginary
parts of the refractive index and allows contactless evaluation of the conductivity of metals,

semiconductors, 2D materials, and superconductors.

1.5 THz Power Detectors

In contrast to coherent detection techniques, Schottky diode detectors, CMOS-based detectors,
and pyroelectric detectors are generally employed for direct power (intensity) measurements
and are particularly suitable for continuous-wave (CW) THz systems or frequency-domain

spectroscopy (FDS) (Chernyadiev et al., 2024; Carelli et al., 2012; Sebastian et al., 2026).
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(2) (b)

Figure 1.8 Schematic representations of (a) a Schottky diode detector
Taken from (ACST GmbH, n.d.)
(b) 1 k-pixel CMOS THz camera module for active THz imaging at room
temperature
Taken from (Hadi et al., 2012)
and (c) TRAD system
Taken from (Gentec-EO., n.d.)

Unlike coherent detection approaches, intensity-based detectors do not require optical
synchronization or mechanical delay stages, making them well suited for compact, robust, and
field-deployable THz systems. The intensity-based detection approaches are particularly
relevant to the metasurface- or FSS-enabled intensity-based polarimetric spectrometer and

imaging architectures developed in later chapters and annexes of this thesis.

The incident THz power Prh is related to the electric field amplitude through the time-
averaged Poynting vector (Balani, 2005; Schlecht et al., 2019).

2

| ETHZ
27,

P, (1.11)

where Zy is the free-space impedance. The output signal of an intensity-based THz detector

can generally be expressed as (Han et al., 2013).

=RP (1.12)

out v THz

where Ry denotes the voltage responsivity of the detector. This relationship indicates that the
measured signal is proportional to the incident THz power rather than the instantaneous electric

field amplitude.



Table 1.1. Performance comparison of Schottky, CMOS, and Pyroelectric THz detectors
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The temporal response of intensity-based THz detectors is characterized by a detector time
constant T, which determines the achievable video bandwidth. For a first-order detector

response, the bandwidth can be approximated as

1
Sow ®—

~ 1.13
2rnt ( )

Fast electronic detectors such as Schottky can therefore achieve video bandwidths of several
gigahertz, enabling detection of rapidly modulated THz signals and compatibility with high-
speed electronic acquisition systems. In contrast, the response time of pyroelectric detectors is

governed by thermal processes and is significantly slower.

For these detectors, one of the most important performance metrics is the noise-equivalent

power (NEP) [W/\Hz], which defines the minimum detectable THz power:
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NEP = Zzoise (1.14)
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where Vaoise is the noise voltage spectral density (V/VHz) and Ry is the voltage responsivity
(V/W). A lower NEP indicates that the detector can detect weaker incident THz radiation. For
example, Schottky diode detectors with moderate video bandwidth can exhibit NEP values as
low as ~6 pW/\Hz, whereas ultra-fast Schottky detectors designed for several-GHz bandwidth
typically show higher NEP values around ~38.8 pW/vVHz due to increased electronic noise
(ACST GmbH, n.d. ). In contrast, pyroelectric detectors generally exhibit significantly higher
NEP values in the nW/VHz range because their detection mechanism relies on slower thermal
processes. A comparison among Schottky, CMOS, and pyroelectric THz detectors is
summarized in Table 1.1. Overall, Schottky detectors provide an excellent balance of high
sensitivity and fast electronic response, CMOS detectors enable compact and integrated THz
sensing, while pyroelectric detectors offer broadband power detection but with slower thermal

response and higher NEP.

1.5.1 Schottky diode detectors

Schottky diode detectors, based on metal-semiconductor junctions, provide high-speed
operation at room temperature and are widely used for THz signal detection, mixing, and
heterodyne reception when integrated into heterodyne receiver architectures (Yadav et al.,
2023; Brinkmann et al., 2016; Sobornytskyy et al., 2013). Their fast response and compatibility
with electronic readout circuits make them particularly attractive for applications in THz

imaging, spectroscopy, and communication systems.

GaAs is a widely preferred material for THz Schottky diodes owing to its high electron
mobility, sufficiently large bandgap that suppresses leakage current, and mature planar
fabrication technology, enabling reduced RC time constants and low thermal noise
(Laperashvili et al., 2010). Quasi-optical zero-bias InGaAs Schottky diode detectors integrated
with planar log-spiral antennas, as illustrated in Fig. 1.9, have demonstrated ultra-wideband
THz detection capability (Semenov et al., 2010). In such antenna-coupled configurations, the

spiral antenna efficiently couples free-space THz radiation to the diode, enabling fast response



31

Figure 1.9 An ultrawideband detector is
realized by integrating a log-spiral antenna
with a zero-bias InGaAs Schottky diode
Taken from (Semenov et al., 2010)

and moderate sensitivity suitable for detecting short THz pulses as well as weak continuous-
wave radiation. To date, several real-time THz imaging systems based on Schottky barrier
diode detectors have been reported. For example, (Han et al., 2013b) demonstrated a broadband
antenna-integrated 1x20 InGaAs Schottky barrier diode array detector, enabling a compact

real-time THz line-scanning imaging system with a responsivity of approximately 98.5 V/W

(1) (ii)
THz Cylindrical Cylindrical T H Z
Polarizer lens mirror
(@)
— IHZ
source / / g (b)
Elliptic Haorizontal Samp|e5 t e d
polarization polarization / T ; .
( ) [ix240 se0]/ ( B (© ‘
Conveyor system ! H Z
) (d)

Figure 1.10 (i) THz line-scanning system with a gyrotron source, 1240 SBD
array detector, conveyor, wire-grid polarizer, HDPE cylindrical lens, and metal
cylindrical mirror; (i1) Photograph of metal letters “THZ” and corresponding THz
images (scan speed 25 cm/s, pixel size 0.5%0.5 mm?) for (b) unfocused/no
polarizer, (c) focused/no polarizer, and (d) focused/with polarizer
Taken from (Han et al., 2014)
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at 250 GHz and a noise-equivalent power (NEP) of ~106 pW/VHz. Subsequently, (Han et al.,
2014) reported a real-time continuous-wave THz line-scanning imaging system based on a
1x240 InGaAs Schottky barrier diode array detector operating at a single THz frequency, as
depicted in Fig. 1.10.

1.5.2 CMOS based detectors

CMOS-based THz detectors utilize standard semiconductor fabrication technologies, enabling
compact, low-cost, and highly integrated detector arrays suitable for scalable and portable THz
imaging systems (Schuster et al., 2011; Hadi et al., 2019). Such integration allows the
realization of large-format focal-plane arrays with on-chip readout circuitry, facilitating real-
time THz imaging applications. Schuster et al. demonstrated broadband THz imaging using
highly sensitive silicon CMOS detectors fabricated in a 130-nm CMOS technology. Their
antenna-coupled nMOS detector achieved room-temperature operation with a responsivity
above 5 kV/W and a reported NEP below 10 pW/\Hz around 300 GHz, highlighting the strong
potential of CMOS technology for compact and low-cost THz imaging systems (Schuster et
al.,, 2011). In the following, (Hadi et al., 2012) demonstrated a 1-k pixel THz camera
implemented in 65-nm CMOS technology, consisting of a 32 x 32 array of antenna-coupled

NMOS detectors, as illustrated in Fig. 1.11. The detectors operate through a distributed

(i)

Figure 1.11 (i) Complete die micrograph of the 32x32 FPA chip (2.9 x 2.9 mm?)
and topography of a single detector pixel (80 x 80 um?). (i1) THz image of a 6 mm
wrench extracted from a 25 fps video stream acquired at 650 GHz in transmission

mode

Taken from (Hadi et al., 2012)
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resistive self-mixing mechanism for direct THz detection. The fully integrated system enables
room-temperature THz imaging at video rates up to 500 frames per second under continuous-

wave illumination.

1.5.3 Pyroelectric detectors

Pyroelectric detectors operate based on temperature-induced changes in spontaneous
polarization in pyroelectric materials, most commonly ferroelectric crystals or ceramics, and
are widely used for broadband THz power measurements and thermal imaging. A
representative example is the T-RAD radiometer, a USB-powered digital detector equipped
with a 12-bit analog-to-digital converter and interfaced through a virtual COM port, as
illustrated in Fig. 1.8(c).

Although pyroelectric detectors offer broadband spectral response and simple operation, they
are thermal detectors that measure the time-averaged intensity or energy of incident THz
radiation rather than the instantaneous electric field. Owing to their large thermal time constant
and inherently slow response, they cannot provide temporal or phase-sensitive detection.
Consequently, they are typically operated at low modulation frequencies (tens of hertz) using
a mechanical chopper and lock-in detection (Miiller et al., 2015). Pyroelectric detector arrays

have also been employed for real-time THz imaging. For example, as illustrated in Fig. 1.12,

(1) (ii)
THz laser
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translational platform
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Figure 1.12 (i) Real-time THz scanning imaging using a pyroelectric array camera; (ii)
THz scanning image of a razor blade
Taken from (Li et al., 2010)
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(Li et al., 2010) demonstrated a THz scanning imaging system based on a 124 x 124
pyroelectric array camera and a 2.52 THz continuous-wave laser for large-area terahertz
imaging. The system achieved a spatial resolution of approximately 0.4—0.6 mm using

scanning and multi-frame averaging techniques.

1.5.4 THz camera

Recent advances in detector arrays have enabled the development of THz cameras capable of
real-time imaging. Unlike single-pixel detectors that require raster scanning, THz cameras
employ two-dimensional detector arrays, allowing direct acquisition of spatial information
across the field of view. Depending on the detection mechanism, these cameras can be based
on thermal detectors (e.g., microbolometers or pyroelectric arrays) or semiconductor-based

detectors, enabling compact and room-temperature THz imaging systems.

Microbolometer THz cameras, such as those developed by the Institut National d’Optique
(INO), operate as thermal power detectors and enable real-time THz imaging. For example, as
shown in Fig. 1.13(1), the MICROXCAM-3841 THz camera offers high sensitivity over a broad
spectral range and provides 16-bit raw image data at up to 50 Hz through a Gigabit Ethernet
(GigE) interface (Institut National d’Optique, n.d.). Sub-THz imaging cameras developed by

(1) (i)

Figure 1.13 (1) MICROXCAM-384i-THz terahertz microbolometer camera;
Taken from (Institut National d’Optique, n.d.)
(i1) Tera-4096 sub-THz imaging camera
Taken from (TeraSense, n.d.)
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TeraSense operate in the frequency range of approximately 0.05-0.7 THz and use
semiconductor detector arrays based on plasmonic detection in a two-dimensional electron gas
is demonstrated in Fig. 1.13(ii) (TeraSense, n.d.). These cameras provide room-temperature
operation, responsivity up to about 50 kV/W, and a typical NEP around 1 nW/VHz. The
systems are available with different pixel-array sizes (e.g., 256, 1024, and 4096 pixels) and
require an external THz source, enabling compact and relatively low-cost real-time sub-THz

imaging for industrial inspection and security applications.

Although commercial THz cameras and several real-time THz imaging systems have been
demonstrated, most existing approaches rely on intensity-only detection and do not provide
polarization-resolved information. Consequently, multispectral THz polarimetric imaging,
capable of simultaneously resolving spectral and polarization characteristics, remains largely

unexplored in the literature.

1.6 Intensity based THz spectrometer

In industrial environments, there is a growing demand for compact THz spectrometers that
offer fast, reliable, and cost-effective performance. Traditional THz time-domain spectroscopy
systems often rely on bulky and complex delay stages to perform temporal scanning, which
increases system size, cost, and limits scanning speed, factors that are impractical for high-
throughput or in-line industrial applications. By contrast, compact THz spectrometers
eliminate the need for mechanical delay lines, enabling real-time, robust spectral
measurements (Carelli et al., 2012; Sebastian et al., 2026). A representative configuration is
presented in Fig. 1.14. These systems can utilize intensity-based THz detectors such as
Schottky diodes or CMOS THz detectors, which are well-suited for integration due to their
small footprint, room-temperature operation, and compatibility with electronic readout
circuits. As a result, compact THz spectrometers become ideal for deployment in industrial
settings for material inspection, quality control, and non-destructive testing, where speed,

reliability, and integration are critical.

Furthermore, machine learning techniques could be useful to classify materials or detect

defects in real-time, making the system highly suitable for in-line quality control and
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Figure 1.14 (1) Schematic illustration of an Al-driven compact THz
multi-spectral spectrometer
Taken from (Sebastian et al., 2024)
(i1) (a) photograph of the fabricated chopper wheel and (b) the
microscopic images of the holes
Taken from (Sebastian et al., 2026)

monitoring. Additionally, predictive models can estimate material properties such as thickness
or composition directly from raw detector outputs. Altogether, Al transforms compact THz
spectrometers into intelligent, autonomous tools capable of delivering rapid, reliable insights

across a wide range of industrial sensing applications (Sebastian et al., 2026).

However, in compact THz spectrometer configurations reported to date, polarization
information is not explicitly considered, and the detected signal is typically limited to total
intensity measurements without polarization discrimination. Consequently, compact intensity-
based THz polarimetric imaging systems have not yet been comprehensively reported. The

absence of polarization-resolved capability restricts access to valuable material information
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such as birefringence, anisotropy, and stress-induced optical effects, which are particularly

important for advanced material characterization and industrial quality assessment.

1.7 THz polarimetry

THz polarimetric systems extend conventional THz spectroscopy by resolving not only the
spectral amplitude but also the polarization state of the THz electric field, thereby enabling the
investigation of material anisotropy, birefringence, dichroism, and polarization-dependent
phase retardation. In general, THz polarimetry requires measurement of at least two orthogonal
components of the THz electric field. When both amplitude and relative phase are accessed
through coherent detection, polarization parameters such as the azimuth angle, ellipticity, and
the complete Jones or Stokes vectors can be reconstructed. Time-domain implementations
commonly rely on coherent detection techniques, such as EO sampling or photoconductive
antennas, where polarization sensitivity is achieved through detector orientation, polarization

modulation, or multi-contact receiver geometries.

The polarization state of electromagnetic radiation can be fully described by the four Stokes
parameters So, S1, S2 and S3. In the coherent field formulation, these parameters are expressed

in terms of the complex orthogonal field components Ex and Ey as:

S, |EX|2 + |EY|2

so| S| 1B 1B (1.15)
S; | | 2Re(E.E))
5 2mE E)

Alternatively, in intensity-based polarimetric systems where only power measurements are
available, the Stokes parameters can be obtained from projection measurements through

different polarization analyzers as (Zhang et al., 2021; Wang et al., 2025):

S, (I,+1,
S| |1y =1y
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Figure 1.15 Rotating polarizer—based THz polarimetry: (a) rotator with QMC
polarizer and (b) experimental layout illustrating polarization modulation and
lock-in detection Taken from (Morris et al., 2012)

Here, Ix and Iy denote the measured intensities corresponding to horizontal and vertical linear
polarization components, respectively. l4s> and /135> correspond to linear polarization states
oriented at 45° and 135°, while I cp and /rcp represent the intensities of left- and right-handed

circular polarization components.

Over the past decade, various techniques have been developed to enable polarization-resolved
THz measurements (Morris et al., 2012; Zhang et al., 2009; Xu et al., 2020). Morris et al.
demonstrated a PCA-based THz time-domain polarimetry system in which both THz
generation and detection are performed using femtosecond-laser-excited photoconductive
antennas (Morris et al., 2012). The technique employs a fast-rotating wire-grid polarizer to
modulate the THz polarization state, with lock-in detection used to extract the in-phase and
quadrature components of the signal. A schematic of the experimental configuration is
presented in Fig. 1.15. This enables direct retrieval of the two orthogonal electric-field
components and precise determination of polarization rotation angle and ellipticity (~0.02°)
over 0.1-2.5 THz, validated through birefringence measurements of sapphire. Subsequently,
using EO sampling Zhang et al. demonstrated a polarization-sensitive THz-TDS method
capable of measuring both orthogonal components of the THz electric field (Zhang et al.,
2009). This approach enables discrimination between true absorption features and

birefringence-induced polarization rotation, allowing accurate extraction of phase retardation
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Figure 1.16 Schematic of the THz Time-Domain Polarimetry (THz-TDP)
system based on EO sampling
Taken from (Xu et al., 2020)

and optical axis orientation in crystalline materials. Following (Xu et al., 2020) demonstrated
a THz time-domain polarimetry (THz-TDP) system based on a rotating electro-optic sampling
crystal, enabling reconstruction of the THz polarization state without external polarizers, as
illustrated in Fig. 1.16. By extracting modulated signal components and applying Jones matrix
calibration, the system achieves sub-degree angular precision and is validated through
birefringence and ellipsometry measurements. While these coherent THz polarimetric
approaches provide broadband and phase-resolved information, they inherently rely on time-
domain sampling, requiring optical delay stages, probe-beam synchronization, and sequential
acquisition of the THz waveform, which can limit portability and increase system complexity,

alignment sensitivity, and measurement time.

1.8 THz polarimetric imaging

THz polarimetric imaging extends conventional THz imaging by exploiting the vector nature

of the THz electric field, enabling spatially resolved characterization of polarization-dependent
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interactions between THz radiation and matter. Unlike intensity-only imaging, which measures
a single scalar quantity, polarimetric imaging captures changes in the polarization state of the
THz wave, such as rotation, phase retardation, depolarization, and ellipticity that arise from
material anisotropy, birefringence, structural orientation, surface roughness, and scattering. By
acquiring polarization-resolved measurements at each image pixel and reconstructing the
corresponding Jones, Stokes, or Mueller matrix parameters, THz polarimetric imaging
provides additional contrast mechanisms that are otherwise inaccessible, particularly in weakly
absorbing or highly scattering samples. These capabilities have proven valuable across a broad
range of applications, including non-destructive evaluation, biomedical imaging, security
screening, and material characterization, where polarization signatures can enhance sensitivity
to microstructural features and subsurface heterogeneity. At the same time, the practical
realization of THz polarimetric imaging requires careful consideration of measurement
architectures, polarization encoding strategies, and calibration procedures, motivating the

diverse range of techniques reviewed in the following subsections.

1.8.1 Electro-optic—based THz polarimetric imaging

Early THz polarimetric imaging systems were predominantly implemented using electro-optic
time-domain detection, which enables direct access to the vector components of the THz
electric field. A seminal contribution was reported by (Van Der Valk et al., 2005),
demonstrated that measuring both transverse components of the THz field using a modified
EO sampling scheme is essential for correctly interpreting THz images, as apparent attenuation
may arise from polarization rotation rather than material absorption. Building on this concept,
(Zhang et al., 2008) developed a systematic THz polarization imaging framework based on EO
sampling with a (110)-oriented ZnTe crystal, where orthogonal field components were
obtained sequentially by rotating the detection crystal and analyzed using Jones-matrix
formalism to reconstruct spatial maps of polarization rotation and phase retardation. Their
results revealed that diffraction and scattering at sample edges induce strong polarization
changes, providing contrast mechanisms not visible in conventional intensity images.
However, this approach required raster scanning, sequential polarization acquisition, and

mechanical rotation of optical components, leading to long imaging times and increased



41

(O]

Probe beam

Polarizer

CCD

30

20

Figure 1.17 (i) Schematic of the THz detection system;
(i) (a) photograph of the sample; (b—c) polarization-
resolved distributions of the energy ratio and polarization
angle of the sample
Taken from (Wang et al., 2010)

sensitivity to alignment and calibration errors. To address these limitations, (Wang et al., 2010)
introduced a balanced EO-detection scheme that enabled near-real-time THz polarimetric
imaging by measuring orthogonal polarization components through probe-beam polarization
control rather than crystal rotation, as schematically depicted in Fig. 1.17. While this
significantly improved acquisition speed and angular precision, EO-based polarimetric
imaging systems still inherently rely on time-domain waveform sampling, optical delay stages,

and careful polarization calibration, which constrain throughput and system robustness.

1.8.2 THz polarimetric imaging in scattering media and biomedical applications

Subsequently, THz polarimetric imaging was extended to scattering, heterogeneous, and
biological samples, where polarization contrast can reveal microstructural and anisotropic
features that are otherwise obscured in amplitude-only images. Several studies demonstrated
that polarization-resolved THz imaging can enhance contrast in biological tissues by exploiting

differences in birefringence, fibrous alignment, and depolarization behavior. In particular, THz
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Figure 1.18 (a) Optical image of an ex vivo
porcine skin burn sample; (b) degree-of-
polarization (DoP) map and (c) diffuse-

scattering intensity map measured at 0.6 THz
using an oblique illumination geometry
Taken from (Heller et al., 2025)

polarimetric imaging has been applied to ex vivo breast tissue, showing improved
discrimination between fibrous, fatty, and malignant regions through co- and cross-polarized
imaging and Stokes-parameter analysis (Gurjar et al., 2024). Additional work demonstrates
diffuse THz polarimetric imaging for sensing tissue microstructural changes through
frequency-dependent intensity and polarization contrast as shown in Fig. 1.18, supported by
Monte Carlo Mie-scattering modeling and experimental validation (Heller et al., 2025).
Mueller-matrix-based THz imaging approaches further enabled quantitative extraction of
birefringence and depolarization parameters, providing a more complete description of

polarization changes induced by complex samples (Xu et al., 2024a). Reflection-mode THz
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polarimetric imaging was also explored to accommodate opaque or thick samples, with
spatially resolved Stokes-vector mapping demonstrating sensitivity to surface morphology and
subsurface scattering (Xu et al., 2023; Xu et al., 2024b). Despite their enhanced contrast
capabilities, these approaches generally require multiple polarization states per pixel, extensive
averaging to suppress noise in scattering environments, and precise calibration to decouple
sample-induced polarization effects from system artifacts, which limits imaging speed and

scalability for large-area or real-time applications.

1.8.3 Compact and alternative THz polarimetric imaging architectures

More recent research has focused on reducing the complexity and measurement redundancy of

THz polarimetric imaging systems through compact, single-pixel, and polarization-encoding
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Figure 1.19 (i) Illustration of a single
measurement in polarization-resolved
THz single-pixel imaging (SPI) with
pulsed THz detection; (i1) reconstructed
polarization-resolved three-dimensional
(3D) THz image obtained from the
reconstructed THz electric-field
amplitude
Taken from (Lowry et al., 2025)



44

architectures. Single-pixel THz polarimetric imaging techniques have been demonstrated,
where polarization information is reconstructed from sequential measurements using a single
detector combined with modulation or computational reconstruction as shown in Fig. 1.19,
significantly reducing detector count but still requiring multiple measurements per image pixel
(Lowry et al., 2025). In parallel, metasurface-assisted and polarization-selective structures
have been introduced to encode polarization information directly into intensity contrast,
enabling compact THz polarimetric imaging without conventional rotating polarizers or EO
crystals (Baek et al., 2024). Recent two approaches further explored integrated and portable
THz polarimetric imaging systems, emphasizing robustness, reduced alignment sensitivity,
and compatibility with reflection-mode operation (Harris et al., 2024; Huang et al., 2021).
While these approaches offer improved compactness and system simplicity, they often trade
off measurement completeness, spectral bandwidth, and still require sequential measurements
or calibration procedures to reconstruct full polarization information. Consequently, balancing
polarization sensitivity, acquisition speed, and system complexity remains a central challenge

in the development of practical THz polarimetric imaging systems.

1.9 Vortex beam generation

THz vortex beams are a class of structured electromagnetic waves characterized by a helical

phase front of the form as
E(r,,2) o€ (1.17)

where / is the topological charge and ¢ denotes the azimuthal angle. Such beams carry orbital
angular momentum (OAM), resulting in a phase singularity at the beam center and a
corresponding null in intensity along the propagation axis. The ability to generate and control
THz vortex beams has attracted increasing interest due to their potential applications in beam

shaping, imaging, communications, and material characterization.

Several studies have demonstrated THz vortex beam generation using passive diffractive

elements, particularly spiral phase plates (SPPs) and spiral zone plates (SZPs), which impose
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Figure 1.20 Complementary V-shaped antenna—based vortex phase plate: (a)
phase-modulation unit cell, (b) antenna geometries providing discrete phase shifts
from —3m/4 to m, and (c) photograph of the central region of the VPP for (=1
Taken from (He et al., 2013)

an azimuthally varying phase through controlled thickness or binary patterns (Miyamoto et al.,
2016; Radivon et al., 2024; Ge et al., 2017; Paraipan et al., 2024). Polymer-based SPPs
fabricated via stereolithography or molding exhibit stepped helical geometries optimized for
specific THz frequencies and enable vortex beams with well-defined topological charges,
verified through interferometric techniques (Liu et al., 2025; Pinnock et al., 2023). Broadband
and high-power vortex generation has also been achieved using low-dispersion Tsurupica SPPs
with azimuthal phase segmentation, making them suitable for monocycle THz vortex
generation (Miyamoto et al., 2016). To address large-aperture requirements, femtosecond laser
filament direct writing has been employed to fabricate centimeter-scale SZP on metal-coated
substrates, enabling efficient vortex generation in diffraction-dominated THz systems (Zhang
et al., 2020). More recently, advanced SZPs based on flexible and stretchable nanomaterial
films, such as single-walled carbon nanotube layers, have been introduced to enable
mechanically tunable vortex beam control through rotation, scaling, and radial deformation,

extending the functionality of passive diffractive THz optics (Radivon et al., 2024). In parallel,
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frequency-multiplexed vortex beam generation has been demonstrated using SPPs combined
with metallic masks, allowing a single passive device to generate multiple vortex modes with

different topological charges across a broadband THz spectrum (Tokizane et al., 2025).

An alternative compact approach relies on ultrathin metasurface-based vortex generators,
where spatially varying phase is achieved using subwavelength resonant antenna geometries.
Complementary V-shaped antenna metasurfaces have been designed to function as planar
vortex phase plates, offering deeply subwavelength thickness while maintaining precise phase
control. A representative configuration is presented in Fig. 1.20. The resulting THz vortex
beams were characterized through holographic field reconstruction, allowing direct

observation of phase singularities and propagation dynamics (He et al., 2013).

Beyond passive optical elements, active nonlinear optical schemes have been explored to
generate THz vortex beams without structured diffractive components. In particular, soft-
aperture difference-frequency generation in nonlinear crystals enables the direct generation of
high-purity THz orbital angular momentum modes over a wide frequency range. This approach
exploits spatial mode overlap and nonlinear wave mixing to suppress higher-order radial
modes, yielding tunable and high-quality vortex beams without fabrication of phase-

modulating structures (Miyamoto et al., 2019).

With the growing interest in compact and planar vortex beam generators, increasing attention
is being directed toward scalable and cost-effective fabrication strategies. In this context,
printable electronics, additive manufacturing, and laser-based microfabrication are emerging
as promising platforms for realizing planar THz vortex generators. These approaches enable
rapid prototyping, large-area fabrication, and compatibility with flexible or conformal
substrates while maintaining sufficient structural resolution for phase and wavefront
engineering. As research continues to move toward lightweight, integrable, and application-
oriented THz systems, such fabrication routes offer attractive alternatives to conventional bulk
optics and high-cost lithographic processes, particularly for metasurface- and diffractive-based

vortex beam architectures.



47

1.10 THz frequency selective surfaces

Metamaterials offer powerful and flexible platforms to manipulate THz waves in ways that go
far beyond the limitations of conventional optical components (Neu & Schmuttenmaer, 2018;
Xiao et al., 2019). Metamaterials are artificially composite materials with properties derived
from internal microstructure rather than the chemical composition of natural materials.
Metamaterials can interact with THz waves in ways that conventional materials cannot since
they can theoretically be designed to have certain material properties enabling high-extinction-
ratio polarization control, frequency-selective filtering, perfect absorption, and compact
wavefront engineering for THz spectroscopy and imaging systems (Landy et al., 2008).
Besides, metasurface (MS), which is the two-dimensional (2D) version of the metamaterial,
with a thickness smaller than the incident electromagnetic wavelength, allows the optical
wavefront to be controlled over subwavelength thicknesses (Wu et al., 2020; Azad et al., 2016).
Another variant is FSSs which are periodic structures that function primarily as spatial filters,
selectively transmitting, reflecting, or absorbing specific frequencies based on resonance

phenomena such as inductive and capacitive effects. Each unit element in an FSS is designed
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Figure 1.21 Schematic view of the unit cell of the
frequency selective surfaces (a) filter and (d)
complementary structure. Top-view geometries of the
(b) filter and (e) complementary structure. Optical
microscope images of the fabricated (c) filter and (f)
complementary structure
Taken from (Sun et al., 2020)
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to resonate at a particular frequency, and its shape, size, and arrangement determine the overall
filtering response of the surface. The unit cells of traditional FSS are usually around half the
operating wavelength, in contrast to metasurfaces, which are made up of sub-wavelength-scale
components (Ebrahimi et al., 2015). A schematic representation of the FSS and its
corresponding unit cell are illustrated in Fig. 1.21. Unlike metasurfaces, which manipulate
phase and wavefronts at subwavelength scales, FSS primarily functions based on periodic
resonant interactions, making them essential in frequency-dependent electromagnetic

applications.

The frequency-selective response of a FSS originates from the excitation of induced surface
currents Jy on periodically arranged metallic elements when illuminated by an incident
electromagnetic wave. According to Maxwell’s boundary conditions, the discontinuity of the
tangential magnetic field across the metallic surface is directly related to the induced surface

current density (Harrington, 2001; Selvanayagam & Eleftheriades, 2013),
nx(H,—H)=J, (1.18)

where 7 denotes the unit normal vector to the surface. These induced currents re-radiate
electromagnetic fields, leading to constructive or destructive interference in the forward and
backward directions, thereby producing frequency-dependent transmission and reflection

characteristics.

The transmission and reflection responses of an FSS are commonly described using the

complex transmission and reflection coefficients,

Et

T(w)= E (1.19)
E

R(w)= Z (1.20)

i

Where Ej, Et, and E; represent the incident, transmitted, and reflected electric field amplitudes,

respectively.
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Most FSS geometries exhibit resonant behavior that can be approximated using an equivalent
lumped-element circuit model. In this representation, the metallic strips or conductive paths
contribute an effective inductance L, while the gaps between adjacent elements introduce

capacitance C. The fundamental resonance frequency is therefore given by

fo= 1 1.21
" omIC (1.21)

This expression highlights that the resonant frequency is directly governed by the geometrical
parameters of the unit cell. Increasing strip length typically increases the effective inductance,
while reducing gap spacing increases capacitance; both effects lower the resonance frequency.

Consequently, careful geometric design enables precise spectral tuning of the FSS response.

For a periodically arranged FSS, the unit-cell periodicity pmust be chosen appropriately to
avoid the excitation of higher-order diffraction modes (grating lobes). To ensure only the

zeroth-order transmitted and reflected modes propagate, the periodicity must satisfy

- A

P<— 1.22

. (1.22)
where A1is the free-space wavelength at the operating frequency and 7 is the refractive index
of the surrounding medium. This condition suppresses unwanted diffraction orders and ensures

stable angular and spectral performance.

FSS can be classified by two types as 1) passive FSS and 1i) active or reconfigurable FSS.
Passive THz FSS consists of fixed metallic or dielectric unit elements that provide a
predetermined filtering response based on their geometry, material properties, and periodicity.
These structures are simple, stable, and widely used in applications where a static frequency
response is sufficient. However, active THz FSS incorporates tunable elements such as
graphene, VOa, barium strontium titanate (BST) and others to dynamically adjust their
frequency response (Vegesna et al., 2014; Yan et al, 2016; Lv et al., 2022). By applying an
external stimulus, such as voltage, temperature, or optical excitation, active THz FSS can

achieve reconfigurable filtering, and adaptive polarization control, making them highly
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versatile for modern THz systems. While passive FSS is easier to fabricate and integrate, active
FSS enables greater flexibility and functionality, making it a key enabler for the next

generation of intelligent and adaptive THz technologies.

1.11 Reconfigurable THz FSS

(Yan et al., 2016) presents a novel design for THz modulators using hybrid graphene/FSS
structures, demonstrating enhanced light—matter interaction, tunable modulation depth,
reduced insertion loss, and improved operational speed. Key advantages include the ability to
finely control modulation characteristics through geometric optimization and the use of
patterned graphene to minimize active area and improve speed. However, challenges remain
in the relatively high sheet conductivity of Chemical Vapor Deposition (CVD) graphene used,
which restricts maximum transmission, and in the need for precise fabrication to optimize the
device geometry. Also, thermally reconfigurable THz FSS has been presented in (Vegesna et
al., 2014). This study demonstrates a reconfigurable THz FSS polarizer using Vanadium
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Figure 1.22 Measured frequency responses and electric-field magnitude
distributions for horizontal and vertical polarizations at (a—c) room
temperature (7= 28 °C) and (d—f) elevated temperature (7'= 80 °C)

Taken from (Vegesna et al., 2014)



51

(@)

—s—w=4pm
& 5
= ©
© k=)
3 2
=l (7]
2 n']
= £
o
£ 2
< o
!_
04 05 06 07 08 09 1.0 1.1 12 13
Frequency(THz)
(c) —25C (cl) —=— 25T
L ‘ —— 65°7C
—_ 1 :
— 3 ! : ' ——105C
= © !
© ‘E i : 1
o 2 o
el (7] o
= 2 Pl
= 1S b
o a 0!
1 = . : 1
<C E p 1!
L L ) . | . 1 . AR L . L
10 1 12 13 14 15 16 04 05 06 07 08 09 1.0 11 12 13
Time(ps) Frequency(THz)

Figure 1.23 (a) Measured time-domain THz waveforms of the FSS
with and without integrated electrical heating wires at room
temperature; (b) corresponding frequency-domain responses; (c)
Time-domain THz waveforms of the FSS recorded at various
temperatures; and (d) corresponding frequency-domain spectra
Taken from (Dong et al., 2018)

dioxide (VO;), which enables dynamic switching between single- and dual-polarized
transmission by leveraging its temperature-induced insulator-to-metal phase transition. The
key advantages include achieving high extinction ratios (~25 dB) with a single FSS layer and
tunable polarization states without the need for complex multi-layer assemblies (see Fig. 1.22).
However, challenges remain in managing thermal control for reconfiguration and mitigating

spurious resonances caused by fabrication variances in periodicity.

(Dong et al., 2018) presents a thermally tunable THz FSS using a BST thin film and embedded
micro-scale electric heating wires. The key advantage is the precise, continuous tuning of the
passband frequency (from 0.826 to 0.905 THz) by modulating the temperature-dependent
permittivity of the BST, enabling integration with metamaterial-based THz, as depicted in Fig.

1.23. Following, (Lv et al., 2022) introduces a mechanically reconfigurable THz bandpass filter
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based on a multilayer FSS structure. The key advantage of this design is its wide frequency
tuning range (220-330 GHz) with high transmission efficiency (~80%) and low insertion loss
(<1.3 dB), achieved without requiring complex biasing circuits. The reconfiguration is
accomplished mechanically, by varying the air gap between FSS layers, which offers
simplicity, polarization insensitivity, and stability under oblique incidence. However,
challenges include the precision required in mechanical adjustment and alignment, as well as
potential frequency drift at high incident angles due to aperture clipping and focal

misalignment.

1.12 Polarization sensitive THz FSS

In polarization-sensitive FSS, the spectral response depends not only on frequency but also on
the polarization state of the incident electromagnetic wave. When a linearly polarized THz
plane wave impinges on an anisotropic unit cell, different surface current distributions are
induced depending on the orientation of the electric field vector relative to the structural

geometry (see Fig. 1.24).

For a normally incident plane wave with transverse electric field components Ex and Ey,

E, = (1.23)

the transmitted field can be expressed in matrix form as

L [T@ 0 YE
1 0 T;, (a)) Ey (1 24)

where Tx(w) and Ty(w) represent the frequency-dependent transmission coefficients for x- and

y-polarized components, respectively.
For an isotropic FSS,

T.(@) =T, (@) (125)
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indicating polarization-independent behavior. However, for anisotropic or polarization-

sensitive FSS structures,

T (0)#T,(v) (1.26)

which establishes polarization selectivity. This inequality arises from the geometrical
asymmetry of the unit cell, which produces different effective inductance—capacitance (LC)
values along orthogonal directions. As a result, the resonance frequencies for the two

polarizations differ:

- - 1.27
Jox 27.L.C (127)

X X

S (1.28)

27, /LyCy

This polarization-dependent resonance enables independent control of orthogonal electric field
components, forming the basis for THz polarimetric filtering and angle-of-linear-polarization

(AoLP) sensing.

By tailoring the orientation, aspect ratio, and symmetry of the apertures or resonant elements,
these metastructures selectively enhance or suppress the transmission of specific linear
polarization components while preserving the incident polarization state (Hong et al., 2013;
Hong et al., 2017; Lee et al., 2006; Lee et al., 2017). The polarization selectivity arises from
polarization-dependent surface current distributions and resonance excitation mechanisms,
which lead to different effective inductive and capacitive responses for each polarization
orientation. As a result, a single FSS layer can function as a frequency-selective polarizer,
providing strong polarization contrast at targeted THz frequencies. Such polarization-sensitive
FSS are particularly well suited for intensity-based THz polarimetric imaging, where
polarization information is extracted from amplitude variations measured at different analyzer
orientations, without requiring phase-sensitive detection or polarization transformation

elements.
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Figure 1.24 (a) Schematic diagram of the polarization-
sensitive FSS structure; (b) fabricated FSS sample and (c)
experimentally measured transmission characteristics for both
orthogonal linear polarizations
Taken from (Hong et al., 2013)

1.13 Fabrication of THz devices

The development of fabrication techniques for THz devices has advanced significantly in
recent years, driven by the demand for precise, scalable, and cost-effective manufacturing
methods. To date, a variety of approaches have been employed to fabricate THz devices,
including lithography-based processes, printable electronics, additive manufacturing (3D
printing), and laser-based microfabrication techniques. A brief overview of these fabrication

methods is presented below.
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1.13.1 Lithography

Lithographic techniques remain indispensable for the high-precision fabrication of THz
devices, providing the resolution and structural control required to engineer filters, polarizers,
absorbers, and metasurfaces with tailored electromagnetic responses. Among these
approaches, photolithography is the most widely adopted method, offering reliable, high-
throughput processing for large-area THz components. The process typically involves
ultraviolet (UV) exposure through a patterned mask to define features in a photoresist layer,
followed by material deposition or etching, making it particularly suitable for planar THz

filters and polarizers (Sushko et al., 2017; Ghavidel et al., 2021; Ferraro et al., 2017).

For instance, (Sushko et al., 2017) demonstrated the fabrication of two distinct FSS band-pass
filters operating at 0.1 and 0.3 THz using standard photolithography, confirming its
effectiveness for low-frequency THz structures. Building upon this, (Ghavidel et al., 2021)
designed and fabricated single- and double-layer concentric split-ring resonator (SRR)
structures with a center frequency of 250 GHz on RT5880 substrates, as shown in Fig. 1.25(a).
The multilayer configuration exhibited increased bandwidth and improved angular stability
compared to single-layer designs, highlighting the advantages of cascaded architectures for

bandwidth control. Extending lithographic fabrication to flexible platforms, (Ferraro et al.,

(b)

anufactured by Lithography

Figure 1.25 (a) Fabricated FSS band-pass filter consisting of 32 x 30 unit
cells over an area of approximately 3 % 3 cm?, produced via
photolithography, along with a magnified view of a single unit cell
Taken from (Ghavidel et al., 2021)
and (b) Optical microscope image of the fabricated FSS filter alongside a
photograph of the mechanically bent sample, demonstrating its structural
integrity and flexibility
Taken from (A. Ferraro et al., 2017)
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2017) patterned cross-aperture FSS arrays onto Zeonor polymer films, as dpecited in Fig.
1.25(b). A key feature of the proposed THz filters is their polarization-independent response,
attributed to the square lattice configuration and the symmetry of the cross-shaped apertures.
This polarization insensitivity was experimentally confirmed by rotating the fabricated
samples within the x—y plane, i.e., perpendicular to the propagation direction of the x-polarized
THz wave, while observing negligible variation in the transmission characteristics. In addition,
(Ishak et al., 2022) employed electron-beam lithography followed by wet etching to realize an
FSS resonating at 1.79 THz. The fabricated device demonstrated excellent agreement with
simulations, high transmission efficiency (~0.94), and tight dimensional tolerances (£1.5 um),

underscoring the precision achievable with advanced lithographic techniques.

Overall, recent developments reaffirm lithography as a powerful and versatile platform for
fabricating high-performance, scalable, and application-specific THz components, particularly

where dimensional accuracy and spectral precision are critical.

1.13.2 Printable electronics

Printable electronics (PE) have emerged as a promising approach for fabricating THz devices
due to their cost-effectiveness, scalability, and compatibility with flexible substrates. While
certain PE fabrication processes can still rely on traditional rigid substrates such as silicon or
glass, a major focus of printed electronics lies in the development of devices on flexible
substrates. Unlike conventional microfabrication techniques that require high processing
temperatures, PE technologies operate at relatively low temperatures. This compatibility
enables the use of low-cost plastic films that are typically nonporous, mechanically compliant,
and capable of withstanding both pre- and post-printing processes. Among flexible substrates,
polyimide (PI), polyethylene terephthalate (PET), and polyethylene naphthalene (PEN) are the
most widely used (Park et al., 2019). Although various conductive inks are commercially
available, including copper, carbon, and graphene-based formulations, however silver (Ag)
conductive inks remain the most widely adopted due to their superior electrical conductivity,
chemical stability, and excellent printability, making them particularly suitable for high-
performance printed electronic and THz devices. Several PE techniques have been employed

for the fabrication of THz FSS, depending on the required feature resolution, conductivity,
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Figure 1.26 (1) Conceptual layout of the flexographic roll-to-roll printing
system; (ii) (a)Fabricated wire-grid polarizer realized using a flexographic
printing technique; (b) measured normalized transmission for electric-field

polarizations parallel and perpendicular to the wire direction
Taken from (Mansourian et al., 2021)

N

scalability, and cost. Commonly used methods include flexography, screen-printing, inkjet

printing etc.

1.13.2.1 Flexography

Flexography is a high-speed roll-to-roll (R2R) printing technique well suited for large-area
manufacturing. The process generally consists of three main stages: (a) selection of ink and
substrate, (b) pattern transfer during printing, and (c) post-printing sintering to achieve the
desired electrical conductivity (Zhuldybina et al., 2021). This approach enables scalable
fabrication of THz components, including band-pass filters and wire-grid polarizers, by
depositing conductive inks onto flexible substrates (Zhuldybina et al., 2020; Mansourian et al.,
2021; Zhuldybina et al., 2021). In reported implementations, THz devices were fabricated
using an industrial R2R continuous press process in which silver nanoparticle (Ag) ink was
printed onto a 125-um-thick PET substrate. A representative sample is shown in Fig. 1.26(i1),
including microscopic images of a flexography-printed wire-grid polarizer and its
corresponding transmission response. Although the achievable lateral resolution is moderate
(approximately 50-100 pum), it remains sufficient for many sub-THz applications, where
feature sizes are comparatively large. With ongoing improvements in ink formulation,

conductivity optimization, and multilayer registration accuracy, flexographic printing is
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emerging as a promising platform for the cost-effective, high-volume production of flexible

and conformal THz components for imaging, filtering, and beam-shaping systems.

1.13.2.2 Screen printing

Screen printing is a mature and cost-effective fabrication technique that has been increasingly
adopted for THz device development due to its scalability, moderate resolution, and ability to
deposit thick, highly conductive films. The process involves transferring functional inks or
pastes through a patterned mesh screen onto a substrate, followed by thermal curing or
sintering to achieve the desired electrical performance. A schematic representation of the
fabrication procedure is shown in Fig. 1.27. Owing to its capability to deposit micrometer-
thick metallic or resistive layers in a single step, screen printing enables strong electromagnetic
interactions with THz waves, making it particularly suitable for absorbers, filters, and FSS
(Youn et al., 2023). Although the achievable feature resolution typically lies in the range of
50-150 um, with approximately 100 pm representing a reliable minimum feature size for THz
FSS fabrication (Hyun et al., 2015; Ahmad et al., 2024), this resolution remains sufficient for
structures operating in the sub-THz to low-THz regime, where feature dimensions are
comparatively large and electrical conductivity is prioritized. The technique is also compatible
with large-area substrates and roll-to-roll manufacturing platforms, supporting scalable and

low-cost production of flexible and conformal THz components. With continued advances in

Step-1

Chose the plastic substrate

.

Place the plastic substrate after the screen

Figure 1.27 Schematic diagram of different steps of
the screen-printing technique
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ink rheology, mesh engineering, and substrate optimization, screen printing continues to
evolve as a robust and industrially viable method for manufacturing reliable THz systems. Its
balance of cost efficiency, material versatility, and process scalability makes it well suited for

both rapid prototyping and commercial-scale THz applications.

1.13.2.3 Inkjet printing

Inkjet printing has emerged as a digitally controlled, maskless additive manufacturing
technique that enables rapid, cost-effective, and flexible fabrication of THz components. With
achievable feature resolutions down to approximately 20 um, it is well suited for devices
operating in the lower and intermediate THz frequency ranges, including FSSs, metamaterials,
antennas, transmission lines, and polarizers. Its compatibility with both rigid and flexible
substrates, combined with minimal material waste and on-demand prototyping capability,

makes it a versatile platform for THz device research and development.

A representative application involves the inkjet printing of SRR arrays on paper using silver
nanoparticle inks. These devices demonstrated polarization-sensitive resonances at 0.137 THz

and 0.305 THz (Kashiwagi et al., 2016). Similarly, two distinct SRR structures fabricated on
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Figure 1.28 (1) Flexible metasurface and the transmission
characteristics for different structures
Taken from (Walther et al., 2009)
(i1) Microscopic images and xz axis of beam profile of printed
metasurface lens
Taken from (He et al., 2021)
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polyimide substrates have been reported in (Walther et al., 2009) and the corresponding
geometries and transmission characteristics are illustrated in Fig. 1.28(i). However, compared
to photolithography-based counterparts, the printed structures exhibited broadened
transmission minima and slight resonance shifts toward lower frequencies, primarily due to
reduced conductivity and dimensional variations. In another study (Kashiwagi et al., 2018),
two SRR arrays with different resonant frequencies were printed on separate paper sheets and
subsequently stacked. In addition to the individual resonances of each array, a new resonance
emerged as a result of interlayer electromagnetic coupling, demonstrating the feasibility of

multilayer spectral engineering using inkjet printing.

For polarization control, inkjet-printed wire-grid polarizers on Kapton substrates achieved
degrees of polarization exceeding 90% across the 0.3—1 THz range, with extinction ratios
further improved through gap reduction and multilayer stacking (Farid et al., 2016). Similarly,
one-dimensional and two-dimensional printed structures on photo paper exhibited efficient
polarization performance between 0.1 and 0.4 THz, along with band-stop filtering behavior
near 0.325 THz (Lee et al., 2010). Beyond spectral filtering and polarization control, inkjet
printing has also been applied to advanced wavefront engineering. He ef al. demonstrated a
flexible cylindrical metasurface lens fabricated using inkjet-printed silver paste rods. By
employing Pancharatnam—Berry phase modulation, the device achieved full 2 phase coverage
and demonstrated clear THz beam focusing at 0.6 THz through holographic imaging (He et al.,
2021).

Although challenges remain particularly in achieving high post-sintering conductivity,
dimensional precision, and large-area uniformity, ongoing advances in ink formulation,
substrate optimization, and multi-pass printing strategies continue to enhance device
performance. Overall, inkjet printing represents a promising and scalable manufacturing

platform for customizable and flexible THz photonic systems.

These printing techniques collectively enable the fabrication of lightweight, flexible, and large-
area THz components, paving the way for next-generation applications in wearable electronics,
conformal sensing, adaptive electromagnetic surfaces, and low-cost wireless communication

systems. However, despite these advances, the integration of reconfigurable or actively tunable
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functionalities within fully printed THz FSS architectures remains largely unexplored. In
particular, the realization of mechanically reconfigurable active FSS structures fabricated

entirely through printable platforms has not yet been comprehensively demonstrated.

1.13.3 3D printing

3D printing has emerged as a promising fabrication technique for THz devices, offering rapid
prototyping, design flexibility, and cost-effective manufacturing. Figure 1.29 provides a
graphical overview of representative 3D-printed THz components reported in the literature,
including waveplates, GRIN lenses, zone plates, absorbers, band-pass filters, and metagrating
lenses. These examples highlight the versatility of additive manufacturing techniques for

realizing complex THz functional devices with tailored spectral, polarization, and wavefront
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Figure 1.29 Graphical representation of different
3D printed THz devices such as waveplate
(Taken from (Rohrbach et al., 2021)), GRIN
lens (Taken from (Hernandez-Serrano et al.,
2016)), zone plate (Taken from (Headland et al.,
2016)), absorber (Taken from (L1 et al., 2021)),
band-pass filter (Taken from (Kubiczek et al.,
2022)), and metagrating lens (Taken from
(Zhang et al., 2023))
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control properties. Several additive manufacturing methods, including Fused Deposition
Modeling (FDM), Stereolithography (SLA), and Selective Laser Melting (SLM), have been
explored for creating THz components such as waveguides, lenses, metamaterials, and
polarizers. To begin with, FDM, one of the most accessible 3D printing techniques, involves
extruding thermoplastic filaments layer by layer to build structures. Using this approach, a
wide range of THz components have been demonstrated, including laterally periodic Fabry—
Pérot resonator arrays forming frequency-selective quasi-surfaces, grating-based waveplates
and phase plates, gradient-refractive-index lenses, and others (Kubiczek et al., 2024;
Hernandez-Serrano et al., 2016; Rohrbach et al., 2021; Ortiz-Martinez et al., 2019; Missori et
al., 2022). While FDM enables low-cost and rapid prototyping of THz devices, surface
roughness, finite nozzle diameter, and printing tolerances can introduce scattering losses and
disorder-induced spectral degradation at higher frequencies. Another popular 3D printing
technique is SLA, which uses a laser or projected UV patterns to selectively cure a liquid resin,

enabling the fabrication of high-resolution THz structures with smooth surfaces and feature
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Figure 1.30 (a) Schematic of the broadband absorber
composed of four cross-shaped resonators; (b) simulated and
measured absorption spectra; (¢) SEM image of a partial
region of the 3D printed cross-shaped metamaterial absorber;
and (d) SEM image of a single cross-shaped unit cell
Taken from (Li et al.. 2021)
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sizes down to tens of micrometers (depending on the printer and resin). Using SLA, a variety
of THz devices have been demonstrated, including metal-coated 3D metamaterial resonators,
grid type polarizers, and all-dielectric metasurface optics such as metalenses composed of
square-pillar unit cells (Li et al., 2022; Li et al., 2021; Li et al., 2021b; Louisos et al., 2024;
Jang et al., 2023). The reduced surface roughness and precise geometry offered by SLA
minimize unwanted scattering, making it particularly suitable for THz optics and polarization-
control components. In addition, SLM is a metal-based additive manufacturing technique that
uses a high-power laser to fuse metallic powders, enabling the direct fabrication of highly
conductive THz components such as periodic hole-array bandpass filters, reflective zone
plates, waveguides, and metasurfaces. Typical geometries include sub-millimeter circular
apertures or concentric ridge structures with millimeter-scale apertures, allowing robust
realization of FSS and diffractive metallic metamaterials for THz beam shaping and filtering,

primarily in the lower-THz regime (Ahmad et al., 2022; Headland et al., 2016).

1.13.4 Laser based microfabrication

Laser-based microfabrication techniques have become essential for fabricating high-precision
THz devices, offering advantages such as high resolution, flexibility, and material versatility
(Le et al., 2021; Lin et al., 2017; Thavamani et al., 2024; Fast et al., 2011; Chen et al., 2020;
Zhou et al., 2023; Penchev et al., 2016; Lee et al., 2006; Ward et al., 2006; Ward et al., 2004).
Figure 1.31 provides a graphical overview of laser-microfabricated THz devices,
demonstrating how high-resolution laser patterning can realize compact elements for phase,
polarization, and spectral control. Several laser-based processes, including Direct Laser
Writing (DLW), Laser Cutting, Laser Ablation, and Laser Micromachining, are used to create

intricate THz components like waveguides, metamaterials, and photonic structures.

1.13.4.1 Direct Laser Writing

Direct laser writing has emerged as a practical and versatile approach for fabricating THz
components, enabling maskless, rapid, and scalable patterning across metallic films, polymers,
and functional materials. Using this technique, a broad range of THz devices has been

demonstrated, including multi-band FSS, broadband absorbers, Fresnel lenses, and spiral zone
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Figure 1.31 Graphical representation of THz
devices based on laser based microfabrication
such as OAM phase plate (Taken from
(Guerboukha et al., 2019)), metalens (Taken
from (Wang et al., 2022)), polarizer (Taken
from (Fast et al., 2011)), Fresnel lens (Taken
from (Komlenok et al., 2015)), spiral zone
plate (Taken from (Zhang et al., 2020)), and
filter (Taken from (Lin et al., 2017))

plates for vortex beam generation (Wang et al., 2022; Zhao et al., 2022b; Manikandan et al.,
2018a; Minkevicius et al., 2017; Zhang et al., 2020; Cui et al., 2022; Nivas et al., 2025). DLW-
fabricated structures typically exhibit unit-cell dimensions on the order of tens to hundreds of
micrometers, which are well suited for many THz applications. For example, laser-induced
graphene (LIG) metasurfaces have been produced over centimeter-scale areas with feature
sizes in the tens-of-micrometers range (Wang et al., 2022). For large-aperture diffractive
optics, filament-based femtosecond DLW enables high-throughput fabrication of 100 x 100
mm? spiral zone plates for vortex beam generation, achieving approximately 100 um resolution
with writing times on the order of minutes (Zhang et al., 2020) (see Fig. 1.32 (ii)). Despite its

flexibility and maskless operation, DLW remains constrained by its serial writing nature, spot-
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Figure 1.32 Fabricated THz devices using DLW (i) microscopic images of the
fabricated square-ring FSS
Taken from (Zhao et al., 2022b)
and (ii) spiral zone plate with /=0 and the measured intensity distributions of the
THz beam at three different positions (P1-P3)

Taken from (Zhang et al., 2020)

size-limited resolution, and potential thermal or edge imperfections introduced during

processing. These factors can lead to dimensional deviations that shift or broaden THz

resonances, particularly in fine-gap metasurface geometries where electromagnetic response is

highly sensitive to fabrication tolerances.

1.13.4.2 Laser cutting

Another commonly used technique is laser cutting, which emerged as a versatile and scalable
fabrication technique for THz components, enabling the realization of diffraction gratings,
metasurfaces, porous lenses, and orbital angular momentum (OAM) phase plates (Ornik et al.,
2019; Aqlan et al., 2021a; Taleb et al., 2020; Guerboukha et al., 2019; Sebastian et al., 2026;
Aqglan et al., 2021b; Nakano et al., 2024; Huang et al., 2023). As depicted in Fig. 1.33(1),
aluminum and polymer gratings fabricated via nanosecond laser machining exhibit diffraction
responses in strong agreement with numerical simulations, validating dimensional accuracy at
sub-millimeter scales (Ornik et al., 2019). Free-standing metasurfaces produced through laser
beam machining eliminate substrate-induced losses and field confinement effects, significantly
enhancing sensing performance (Taleb et al., 2020). Furthermore, laser-cut porous dielectric
architectures allow effective refractive index engineering while reducing absorption losses,

enabling planar low-loss THz beamforming components (Guerboukha et al., 2019).
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Figure 1.33 Fabricated devices using laser cutting: (i) Microscopic images of
aluminum grating and PVC grating. Also, the diffracted intensity versus
angle and frequency for aluminum and PVC grating
Taken from (Ornik et al., 2019)
and (ii) layout of the free-standing complementary asymmetric SRR
structure. Measured and simulated transmission spectra of FCA-SRR with E-
field orientation along the y-direction
Taken from (Taleb et al., 2020)

Collectively, these works demonstrate that laser cutting offers maskless, cost-effective, and

mechanically robust fabrication for large-area THz optics and metamaterials.

1.13.4.3 Laser ablation

Laser ablation is a powerful maskless, subtractive microfabrication route for THz components,
enabling rapid iteration of resonant surfaces and diffractive optics without cleanroom
lithography (Hakamada et al., 2024; Komlenok et al., 2015; Voisiat et al., 2011; Manikandan
et al., 2018b; Voisiat et al., 2017; Minkevicius et al., 2013; Esakkimuthu et al., 2019; Han et
al., 2022). In one demonstration (Fig. 1.34(1)), (Hakamada et al., 2024) utilized ultraviolet
femtosecond laser ablation to fabricate dense subwavelength hole arrays in a high-resistivity
silicon membrane, thereby realizing a 0.8 THz metalens. The fabricated lens produced a focal
spot of approximately 1 mm (FWHM) with a measured focusing efficiency of 67.8%. In
another work, UV picosecond laser ablation was employed to fabricate cross-aperture metal-
mesh band-pass filters in stainless-steel foil and molybdenum films supported on polyimide

substrates, operating as resonant frequency-selective metal meshes with experimentally
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Figure 1.34 Fabricated devices based on laser ablation: (i)
Microscopic images of the fabricated THz metalens and the
profile at the focus
Taken from (Hakamada et al., 2024))
and (ii) optical microscopic images of the metamaterial and
obtained THz transmission characteristics
Taken from (Manikandan et al., 2018b)

measured transmission spectra in close agreement with numerical simulations, while also
revealing sensitivity of the passband characteristics to aperture edge rounding and fabrication-
induced geometric deviations (Voisiat et al., 2011). Additionally, femtosecond laser ablation
was used to pattern periodic copper metallic structures on a polyimide thin film, enabling a
dual-band, polarization-insensitive metamaterial/FSS with resonances at 0.25 THz and 0.42
THz, exhibiting stable spectral responses under varying angles of incidence (Manikandan et
al., 2018b). Collectively, these results demonstrate that carefully optimized laser ablation
through control of pulse duration, fluence, and scan strategy can yield functional THz devices

for filtering, focusing, and multi-band resonance engineering.

1.14 Summary and research gaps

The literature surveyed in this chapter highlights significant advancements in THz FSS,
reconfigurable filtering strategies, fabrication approaches, and polarization-resolved THz
measurement systems. Numerous passive THz FSS designs have been reported with well-

defined spectral characteristics, and several reconfigurable concepts have demonstrated
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dynamic tunability through electrical biasing, thermal control, or other external stimuli. While
these approaches successfully enable resonance tuning and bandwidth control, they frequently
depend on complex bias networks, temperature regulation systems, or multilayer integration.
Such requirements increase fabrication complexity, reduce structural robustness, and limit

scalability toward low-cost, large-area, and industrially viable implementations.

In addition, most reconfigurable THz FSS structures reported to date rely on microfabrication
techniques such as photolithography, thin-film deposition, and cleanroom-based processing.
Although these methods provide high resolution and repeatability, they are expensive and less
compatible with large-area or flexible substrates. In contrast, printable-electronics-based THz
FSS platforms remain largely unexplored for reconfigurable operation, despite their strong
potential for scalable, low-temperature, and roll-to-roll-compatible fabrication. This reveals a
clear gap in translating reconfigurable THz FSS concepts into cost-effective and

manufacturable printed platforms.

Polarization-sensitive FSS designs have further expanded the functionality of THz structures
by enabling polarization-selective transmission and anisotropic spectral responses. However,
many reported implementations employ multilayer stacks, substrate-engineered architectures,
or photolithography-based fabrication. While single-layer geometries such as rectangular-slot
FSSs have been demonstrated, frequency-selective polarizers exhibiting well-defined Malus-
law-type angular transmission behavior across distinct THz bands remain largely unreported.
Consequently, the development of compact, single-layer, frequency-selective THz polarizers

with predictable and quantitative angular responses represents an important unmet need.

Parallel progress has been achieved in THz polarimetric spectroscopy and imaging,
predominantly through THz-TDS (PCA based and electro-optic sampling), and mechanically
rotated polarization optics. These systems enable full electric-field reconstruction and
comprehensive Stokes parameter extraction, but they inherently rely on coherent detection,
optical delay stages, and sequential measurements. As a result, they are typically bulky,
alignment-sensitive, and limited in acquisition speed, which constrains their translation to

compact, real-time, and field-deployable platforms.



69

Overall, the existing body of work reveals a disconnect between advanced THz polarimetric
capabilities and the practical requirements of scalable, robust, and intensity-based systems. In
particular, intensity-only multispectral THz architectures capable of direct Stokes parameter
retrieval without delay stages, coherent detection, or complex active tuning mechanisms
remain largely absent in the literature. Addressing these gaps by integrating printable,
potentially reconfigurable, and polarization-sensitive THz FSS platforms within compact

intensity-based spectrometric and imaging systems forms the central motivation of this thesis.
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2.1 Chapter overview

This chapter reports the development and experimental validation of a mechanically
reconfigurable THz FSS realized using printable electronics. A screen-printed metallic
checkerboard architecture is employed, in which mechanical lateral shifting of a stacked
double-layer configuration enables tunable transmission behavior with a measured
transmission contrast of up to 88%. In addition to amplitude modulation, polarization-sensitive
behavior is investigated by independently shifting the FSS layers along the orthogonal x- and
y-axes, resulting in distinct transmission responses for orthogonal linear polarization states.
Numerical simulations and continuous-wave THz measurements confirm a high modulation
depth and polarization-dependent amplitude contrast at the design frequencies, achieved
without external electrical biasing or complex control mechanisms. These results establish
printable, mechanically reconfigurable FSS as a robust and scalable platform for amplitude
and polarization-selective control in THz systems, providing a foundation for the polarimetric

imaging concepts developed in subsequent chapters of this thesis.
2.2 Abstract

We employed the screen-printing method to fabricate terahertz (THz) frequency selective

surfaces (FSS) featuring an inductive metallic checkerboard (i-MCB) pattern based on
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conductive silver ink onto a flexible polyethylene terephthalate (PET) substrate, chosen for its
excellent THz transmission properties below 1 THz [Jin et al., 2006]. Analytical studies, along
with simulations and experiments, were conducted to investigate the filtering characteristics of
the printed FSSs, confirming their functionality as a band-pass filter. Subsequently, we
demonstrated the reconfigurability of a two-layer system by vertically stacking two layers.
This was achieved by systematically shifting the position of the second layer in the x or y-
direction relative to the first layer. Experimental verification revealed a significant variation in
normalized transmission, ranging from 94% to 6% at 0.15 THz for type-1:i-MCBs and 90% to
5% at 0.20 THz for type-I1:i--MCBs, respectively. This study presents a simple scheme for a
reconfigurable screen-printed i-MCB-FSS operating in the THz range. Consequently, our
findings demonstrate that screen printing method can effectively be employed for the large-

scale production of THz FSSs.
2.3 Introduction

To enhance the diversity of terahertz (THz) applications, there is a growing demand for the
development and production of THz optics, encompassing polarizers (Ferraro et al., 2016),
filters (Born et al., 2013), absorbers (Tao et al., 2008), phase shifters (Altmann at al., 2013),
wave plates (Nouman et al., 2016), and more. In this context, frequency-selective surfaces
(FSSs) play a crucial role. These thin, periodic structures, composed of both conductive and
non-conductive materials and generally exhibiting features on the order of the wavelength size,
are capable of transmitting or reflecting electromagnetic waves at specific frequencies (Anwar
et al., 2018). Their versatility has led to extensive applications in manipulating THz waves,
including polarization conversion (Li et al., 2019), transmission measurement in quasi-optical
systems (Yang et al., 2020), remote sensing (Poojali et al., 2017), monochrometers (Grossman
et al., 2006), and more. For more adaptive solutions, there has been as urge in demand for
reconfigurable frequency-selective surfaces (RFSSs) in various applications, including
frequency agility, beam steering, polarization control, and dynamic filtering (Pan et al., 2013;
Vegesna et al., 2014; Zhai et al., 2018). In the microwave regions, distinct FSSs and RFSSs
have long been demonstrated (Nauroze et al., 2019; Han et al., 2015; Li et al., 2018; Wu et al.,
2019; Azemi et al., 2013). The reconfigurability of these devices generally involves a large
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variety of tuning mechanisms, encompassing thermal tuning (Nauroze et al.,2019), rotational
tuning (Han et al.,2015), electrical tuning (Li et al.,2018; Wu et al.,2019), mechanical tuning
(Azemi et al., 2013), waterbased metamaterial absorbers (Wu et al., 2019b; Wen et al., 2022),
and more. In the THz region, RFSSs have recently found applications using various tuning
approaches, including a polarizer based on vanadium dioxide (Vegesna et al., 2014), a
mechanically tunable filter using a polydimethylsiloxane substrate (Akter et al., 2019),
modulators based on FSS-graphene stacked structures (Yan et al., 2016), a mechanically
reconfigurable bandpass filter (Lv et al., 2022), electronically controlled flexible THz
modulator (Wang et al., 2022), and thermally tunable FSS based on barium strontium titanate
thin film and metamaterials (Dong et al., 2019). Numerous fabrication techniques, including
photolithography (Vegesna et al., 2014; Yan et al., 2016), milling (Yang et al., 2020), and laser
ablation (Esakkimuthu et al., 2019), have been employed for THz FSS fabrication, each chosen
based on design requirements and materials. Despite their precision, these methods are time-

consuming, expensive, and limited to small-scale production.

In the recent years, printable electronics pop up as an alternative solution for the fabrication of
THz devices (Su et al.,2019; Ahmad et al., 2023; Zhuldybina et al., 2019; Zhuldybina et al.,
2021). The advantages of PE include mass production capability with low cost per unit, good
reproducibility, and more eco-friendly production (Bonnassieux et al., 2021). This process
requires only three steps: selection of the right substrate and ink; printing the pattern upon the
substrate; and sintering. Because of their high conductivity and low loss, conductive inks
including copper, graphene, and others, are widely employed to transfer the pattern upon the
flexible plastic substrate. The main PE-based fabrication technologies are flexography
printing, hot stamping, screen-printing, and ink-jet printing (Zhuldybina et al., 2021b;
Guerboukha et al., 2021). Despite the relatively low resolution of the printed pattern, which is
in the order of a few tens of microns, printing THz devices with features on the order of the
wavelength size remains adequate. Consequently, PE is highly suitable for the fabrication of
THz FSS. Examples of printed THz devices include a band-pass filter (Ahmad et al., 2023),
vortex phase plate (Zhuldybina et al., 2019), and polarizer (Zhuldybina et al., 2021). More
recently, a printed reconfigurable flexible FSS has been demonstrated based on the Moiré

interference technique (Ahmad et al., 2023). To date, printed THz devices have been created
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exclusively through ink-jet printing, flexography, or hot stamping techniques. In contrast, the
screen-printing method has been solely employed for the fabrication of devices within the

microwave frequency range (Falade et al., 2018; Jilani et al., 2019; Badamchi et al., 2022).

In this work, we demonstrate the design, simulation, fabrication, and characterization of
THz FSSs based on metallic checkerboard patterns (MCB) using screen printing as the
fabrication technique. The analyzed FSS pattern is printed on a polyethylene terephthalate
(PET) substrate with conductive silver (Ag) ink (CXT-0657). A polarization dependent
reconfigurability is achieved by stacking two identical FSS layers and shifting the second layer
relative to the position of the first layer. Notably, this reconfigurability is obtained without
employing any external stimuli such as biasing voltage, temperature variation, or external
continuous wave (CW) laser. Consistent with our simulations, experimental results reveal a
maximum variation in transmission, ranging from 94% to 6% at a center frequency of 0.150

THz.
24 Methodology

241 Modelling and design of FSS

Being a complementary structure, MCB patterns have long been the subject of extensive
studies in various fields of application (Compton et al., 1984; Takano et al., 2014; Nakata et
al., 2019; Dawes et al., 1989; Higashira et al., 2017; Kondo et al., 2003; Nakata et al., 2013;
Zhuldybina et al., 2020). According to Babinet's principle, the complementary structure of an
obstacle (or object) presents complementary transmission spectra (Jackson, 1999). In the
geometry of an ideal MCB, square metallic blocks are connected without any gap, as illustrated
in Fig. 2.1(a), behaving as a half-beam splitter. When the square non-metallic block is reduced
in size compared to its metallic counterpart, creating an asymmetric structure, we define a
separation distance Ad relative to its physical dimensions (x, y, and Az), as illustrated in Fig.
2.1(b). This specific case has been termed as inductive MCB (i-MCB) (Takano et al., 2014;
Nakata et al., 2019). On the contrary, when the square metallic parts are smaller than their
counterparts, we define it as capacitive MCB (c-MCB). The schematic of i-MCB and c-MCB

pattern is represented in Fig. 2.1(c) and (d), respectively. The corresponding reactances (Xin
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Figure 2.1 Schematic of metallic checkboard pattern (a) ideal MCB; (b) 2D
view of i-MCB with geometrical notations; (c) inductive MCB (i-MCB); (d)
capacitive MCB (c-MCB); (e)&(f) schematic diagram of equivalent circuit
model of inductive and capacitive meshes upon substrate respectively

and Xcap) of the i-MCB and ¢c-MCB are described by parallel and series combinations of
inductances and capacitances (Dawes et al., 1989). See their electrical representations in Fig.
2.1(e) and (f), respectively. Here, Zo represents the impedance of free space, and » is the
refractive index of the substrate. The resistivity (R) in the circuit models is neglected since the
analysis assumes a low-loss conductor. The transmittance (7)) could be calculated as follows
(Dawes et al., 1989):

4an

T =—— 7 wherej=in, ca 2.1
T+ (1+n)’ X / v @1

The reactance Xin of the parallel resonant circuit (Lin, Cin) and Xcap of the series resonant

circuit (Lcap, Ceap) can be defined as (Dawes et al., 1989):
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For the limit w—0, Xin and Xcap become 0 and . Based on their connection states among
metal squares i.e., overlapped (i-MCB) or disconnected (c-MCB), the electromagnetic
responses of the MCB FSS behave as band-pass and band-stop filter respectively. Furthermore,
the peak transmission frequency (fpeak) of the inductive MCB (i-MCB) can be predicted using
the following equation (Compton et al., 1984):

fpeak = E (24)
g

. . . . Ad
where c is the speed of light and g is defined as g= 2(x+Az). Also, Az is related as Az= Nk

In the following analysis, we have carried out finite-difference time-domain (FDTD)
simulations from Ansys Lumerical software to evaluate the transmission characteristics of
inductive MCBs (i-MCBs) and capacitive MCBs (c-MCBs). Furthermore, the normalized
transmission (NT) was calculated using Eq. (2.5):
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Figure 2.2 (a) Schematic of the analysed i-MCB (type-I) (b) the corresponding
normalized transmission characteristics of i-MCB with different Ad and inset
figure depicts zoom view of peak normalized transmission; (c) peak center
frequency as a function of the length of the square non-metallic block (x=y) in the
case of i-MCB
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where Tsample(®) and Tref(w) are the transmission coefficient of the sample and reference

(substrate), respectively (Ahmad et al., 2023).

Schematic of the i-MCB FSS with the operational principle is depicted in Fig. 2.2(a), where
purple and gray colors denote the metallic and PET part, respectively. The simulated
transmission characteristics of i-MCB for different Ad are presented in Fig. 2.2(b) and
confirmed that the i-MCB behaves as expected, acting like a band-pass filter (Takano et al.,
2014). The center frequency increases as the non-conductive zone shrinks, from 0.150 THz to
0.173 THz. Only a slight difference is noticed in the transmission characteristics when Ad is
increased, which is explained by the smaller total open aperture of the filter. Conversely,
although not shown here, c-MCB behaves like a band-stop filter (Takano et al., 2014). As
depicted in Fig. 2.2(c), it is evident that increasing the length of the square hole (x) while
maintaining a fixed gap Ad of 200 um gradually reduces the corresponding peak center
frequency. Essentially, the peak center frequency of the i-MCB can be shifted to the higher or
lower portion of the THz region by decreasing or increasing the lattice of the square pattern of

MCB, respectively.

For all subsequent transmission analyses of the i-MCB structure using our simulation tool
or experimentally, we maintained a constant Ad of 200 um. We investigated two i-MCB
structures with different lattice sizes: type-I with square block dimensions of 700x700 pm? and

type-1I with square block dimensions of 500x500 pm?.

24.2 Fabrication of THz FSS and experimental setup

FSS’s pattern was printed upon a plastic substrate using silver ink utilizing a screen-printing
technology (EKRA X1-SL Semi-Automatic Screen Printer) (Badamchi et al., 2022). Though
we have used a flat-bed screen printing system as a fabrication tool, both flexible and rigid
substrates could be employed to print upon it. However, in this work as a substrate, widely
used low-cost PET has been chosen due to having excellent terahertz transmission properties

as well as mechanical properties, including strength, flexibility, etc. Correspondingly, the
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Figure 2.3 (a) & (b) Real images of type-1:1-MCB and type-I1:i-MCB
respectively, (c) & (d) microscopic images of type-1:1-MCB and type-I1I:i-
MCB respectively
thickness of the PET substrate is 125 um and the properties of the used substrate can be found
in (Multi-Plastics, n.d.). Consequently, analyzed MCBs were printed and cured in the oven
with hot air at a temperature of 90°C. The resulting sample had a thickness of ~2 um and
conductivity measured as 5.0x10° S/m using the 4-point probe method. The fabricated sample
of type-I&Il: i-MCB has the following dimensions: square non-metallic part was ~700%700
um? and ~500x500 pm? respectively and in both cases the distance between diagonally
cornered two square blocks, Ad as ~200 um. The sample was 40 mm in length by 40 mm in
width as dimension. The microscopic images of the fabricated MCBs are shown in Fig. 2.3.

Microscopic images were taken on a digital microscope (Model: Keyence VHX-7000). From
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microscopic images, it is evident that some irregularities on edges are noticeable in the square
non-metallic block shapes due to ink spreading, which is typical for the screen-printing method

(Zhuldybina et al., 2021b).

To validate the simulation results and experimentally examine the transmission features of
the fabricated frequency selective surfaces, we utilized a commercial continuous wave (CW)
THz spectroscopy system (TOPTICA photonics' TERASCAN 1550). The experimental setup
is illustrated in Fig. 2.4(a). The THz emitter and receiver are based on the InGaAs photodiode
and InGaAs photomixer respectively. The THz waves were collimated and refocused onto the
detector using a pair of off-axis parabolic (OAP) mirrors, with a 2-inch grid polarizer ensured
linear polarization of the incident THz wave. Additionally, an iris was employed just before
the sample holder to control the beam size, making it compatible with the sample dimensions.
It is important to note that, in our experiment, we utilized a resolution of 50 MHz to discern

the characteristics of our band-pass filters.

2.5 Results and discussion
2.5.1 Single layer of FSS

The center frequencies were calculated by equation (2.4) for the two i-MCB structures, i.e.
type-I and type-II, which are 0.178 THz and 0.233 THz respectively. Following this prediction,
the normalized transmission of the two samples was evaluated by simulation and
experimentally. Figure 2.4(b) and (c) show the results of the simulation and experimental
analysis of our two sample types. A simulated transmission peak (fpeak) at 0.173 THz and 0.226
THz is obtained, whereas the experimental transmission peaks are 0.180 THz and 0.243 THz
for type-I and II samples, respectively, in perfect agreement with the previous calculation. It is
noticeable that, as the size of the square non-metallic block (x) is reduced from 700 pm to 500
um, the corresponding peak transmission frequency is shifted towards higher frequency with
a very small transmission reduction from 98% to 96%. Both types of i-MCB behave as band-
pass filters, exhibiting simulated bandwidths of 100 GHz and 110 GHz, and experimental
bandwidths of 125 GHz and 120 GHz for types I and II, respectively. These results show good

agreement between the simulated and experimental data. Experimentally obtained normalized
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Figure 2.4 (a) Schematic view of the experimental setup; (b) simulated and
experimentally characterized normalized transmission as a function of frequency
for type-I: i-MCB; and (c) simulation and experimental characterization of
normalized transmission in the case of type-1I: i-MCB

transmission in both types of i-MCB are also consistent with the simulation results with

insignificant variances.
2.5.2 Reconfigurability of FSS

2.5.2.1 Simulation analysis

To achieve reconfigurability, we used two identical MCB layers, one of which is movable
relative to the second. The aim of this reconfigurability is to maximize transmission variation

without affecting filter frequency or spectral width. For this purpose, two identical layers of i-
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MCB (front and back layer) have been superimposed (Fig. 2.5(a)), and shifting was done on
the back layer along the x or y-axis to obtain the reconfigurability. Shifting was performed
along the x-axis from 0 pm to 700 pm in the case of type-1 i-MCBs, as illustrated in Fig. 2.5(c-
g). Similarly, in the case of type-II i-MCBs, shifting was done from 0 to 500 um (figures not
shown here). Observing Fig. 2.5(c-g), it is evident that shifting the back layer increases the
conductive area as well as the distance between the corner edges of two non-metallic blocks
of the stacked layers (Adstacked). With a shift of 700 um, a fully conductive pattern is formed,

capable of blocking or reflecting incoming THz waves.

FDTD simulations were conducted to characterize the reconfigurable i-MCB FSS. In Fig.
2.5(h), it is observed that for the case of type-I i-MCB, shifting along the x-axis from 0 pm to
700 pm produces a normalized transmission change from 95% to almost 0% at the peak
frequency of 0.146 THz. Note that the polarization direction of the incoming THz beam is set

linearly in the x-direction. It is noteworthy that both the non-shifted pattern and the pattern
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Figure 2.5 Schematic view of (a) stacked layers of i-MCBs; (b) front layer of i-
MCB; (c-g) graphical representation of stacked layers for different shifting as 0
pum, 200 pm, 400 pm, 600 um and 700 um along the x-axis in the case of type-
I: i-MCBs; simulated normalized transmission as a function of frequency for
different shifting of the back layer along (h) x-axis in the case of type-I: i-
MCBs, (1) y-axis in the case of type-I: i-MCBs, (j) x-axis in the case of type-II:
i-MCBs, and (k) y-axis in the case of type-II: i-MCBs
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shifted by 700 pum exhibit polarization insensitivity due to their symmetrical shapes.
Conversely, the patterns shifted by 200 pm, 400 um, and 600 um are polarization-sensitive,
given their rectangular configurations. To assess the impact of polarization, we analyzed the
corresponding normalized transmission for shifting along the y-axis at 0 um, 200 pm, 400 um,

600 um, and 700 um.

In Figure 2.5(i), the transmission at the peak frequency of 0.146 THz shows a distinct
difference for changes along the y direction compared to changes along the x direction. While
the transmission tends to remain stable, it suddenly attenuates, indicating a lack of precise
control of the peak transmission when shifting in the opposite direction to the THz wave
polarization. More specifically, a noticeable difference emerges along the x and y axis,
particularly for type-II: i-MCBs, shifts along the x-axis (0 um, 200 um, 400 um, and 500 pm)
produce normalized transmissions of 92%, 80%, 65%, and 0%, respectively at 0.195 THz (Fig.
2.5(j)). By contrast, shifting along the y-axis cannot be evaluated, as the peak shifts slightly to
a higher frequency and suddenly disappears at an offset of 400 um (Fig. 2.5(k)).

To evaluate the performances of the proposed THz reconfigurable FSS, the variation in
normalized transmission needed to be calculated for various shifting along the x or y-axis at
the operating frequency. The operating frequency (fopt) is calculated as the peak center
frequency when the back layer of two i-MCBs is not shifted i.e., 0 pm shift along the x or y-
axis. The variation in normalized transmission is defined as follows:

Variation(%) =T, ) =T ) x100% (2.6)

Where 70 um and 7x um are the normalized transmission of the 0 pm and x um shift along the x
or y-axis, respectively, at the operating frequency (fopt). The variation in normalized
transmission has been calculated based on the simulation results for both types of i-MCBs. It
is noticeable that type- I: i-MCBs exhibit maximum variation in normalized transmission as of
~95% at 0.146 THz for 700 um shifting irrespective of the x or y-axis with reference to no
shifted pattern whereas type-II: i-MCBs exhibit maximum variation in normalized

transmission as of ~92% at 0.195 THz for 500 um shifting.
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Next, we explored the effects of superimposing two layers of type-I: ¢c-MCB. Shifting was
applied along both the x and y-axis at a fixed distance. The resulting simulated images,
illustrating the movement along the x-axis, are presented in Fig. 2.6(a-e). The metallic
component progressively grows as the shift occurs along the x-axis. Notably, achieving a
complete metallic coverage, as observed in the case of i-MCB, is unattainable with the c-MCB,
see Fig. 2.6(a) to (e). Consequently, this scenario results in a square lattice FSS when the back

layer of c-MCBs is shifted along the x or y-axis by approximately 840 um.

The simulation analysis considered various shifts along the y-axis, including 0 um, 200 pm,
400 pm, 600 pm, and 840 um, as depicted in Fig. 2.6(f). In Fig. 2.6(f), it is observed that the
notch frequency of the corresponding band-stop filter progressively shifts to higher frequencies
as the y-axis undergoes a gradual shift from 0 pym to 840 pm. The resulting notch frequencies
are 0.146 THz, 0.174 THz, 0.186 THz, 0.213 THz, and 0.280 THz for shifts of 0 pm, 200 um,
400 pm, 600 um, and 840 pm, respectively. Additionally, under no-shift conditions, the
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Figure 2.6 In the context of type-I: c-MCBs, simulated graphical representation of
stacked layers for different shifting as (a) O um, (b) 200 um, (c) 400 um, (d) 600
um, and (e) 840 um along the x-axis; simulated normalized transmission as a
function of frequency for different shifting of back layer along the (f) y-axis and
(g) x-axis in the case of type-1: c-MCBs; (h) normalized transmission as a function
of shifting along the x and y-axis for type-I: c-MCBs
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corresponding normalized transmission is 18.8%, while for an 840 pum shift, it decreases to
3.34%. Similarly, as the shift occurred toward the x-axis, the notch frequency gradually shifted
towards the lower frequency range (see Fig. 2.6(g)). The associated notch frequencies are 0.133
THz, 0.120 THz, and 0.106 THz for shifts of 200 pm, 400 um, and 600 pm, respectively.
Notably, the notch frequency for both no shift and an 840 um shift towards the x-axis remains
unchanged compared to the y-axis shift, owing to the polarization-insensitive symmetrical
structure. However, for both cases of x and y shift, this reduction in transmission comes with
the trade-off of significant broadband attenuation, meaning that there is nearly no transmission
of the THz beam through the filter when the two layers completely overlap. Also, from Fig.
2.6(h) it is evident that, the spectral responses of the stacked layers of c-MCBs were not
fulfilling the aims of this proposed method to be performed as a reconfigurable FSS.
Correspondingly it is seen that, the variation in NT at 0.146 THz is not noteworthy as compared
to 1-MCBs. Due to this, the c-MCB was deemed less appealing as a reconfigurable FSS in
terms of variation in normalized transmission at fopx and only i-MCBs were explored

experimentally.
2.5.2.2 Experimental analysis

To corroborate the simulation findings, an experimental analysis was conducted utilizing the
continuous-wave THz frequency domain spectroscopy system, as illustrated in Fig. 2.4(a), with
a specific focus on two identical layers of i-MCB. In line with the simulation data, two identical
type-I pattern i-MCB were superimposed. The back layer was systematically shifted along the
x and y-axis at intervals of 0 pm, 200 pm, 400 um, 600 um, and 700 pum, and their
corresponding microscopic images are depicted in Fig. 2.7(a) to (i), respectively. The layers
were aligned such that the printed pattern, created using conductive ink, touched each other,
with PET substrates positioned on the outer side of each layer. Also, the corresponding
accuracy of the shifting and Adsiacked Of the stacked layers is validated through the microscopic
images. These superimposed frequency-selective surfaces were then placed between two off-
axis parabolic mirrors in the collimated THz beam path. Based on the experimental analysis,
it is noted that for type-I i-MCBs, the normalized transmission at 0 um and 700 um shifting is
94% and 6%, respectively, at 0.150 THz (refer to Fig. 2.7(j)). Additionally, the normalized
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transmission is 80%, 45%, and 38% at 0.150 THz for shifts of 200 pm, 400 um, and 600 pm
along the x-axis, respectively. Furthermore, when the back layer was shifted towards the y-
axis, the normalized transmission values were observed to be 48%, 22%, 17%, and 7% at 0.150
THz for shifting of 200 um, 400 pm, 600 um, and 700 pum, respectively (see Fig. 2.7(k)).
Similarly, employing two identical type-II i-MCB and shifting along both the x and y-axis
(refer to Fig. 2.7(1-m)), the maximum variation in normalized transmission for x-direction
shifting was recorded from 90% to 5% at 0.20 THz for a 500 um shift, as illustrated in Fig.
2.7(1). Conversely, for y-direction moving, the normalized transmission was recorded as 58%

and 8% for 200 um and 400 um shifting.

In the following, normalized transmission as a function of shifting along the x and y-axis in the
case of type-1 & II-i-MCBs are plotted in Fig. 2.8(a-b). The experimental analysis indicates

significant variations in normalized transmission at the peak center frequency for type-I and
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Figure 2.8 Normalized transmission as a variation of shifting of the back layer

along the x and y-axis in the case of type-1:1--MCBs (no shift, 200 pm, 400 pm,

600 pm, and 700 pm) and type-11:i-MCBs (no shift, 200 um, 400 um, and 500
pum) (a) simulation results, and (b) experimental results

type-11 i-MCBs, particularly with 700 pm and 500 um shifting, reaching 88% and 85%,
respectively, compared to the no-shift condition. Although overall consistent with simulation
results, a minor discrepancy is noted, especially for the 700 um shift in type-1 i-MCBs and the
500 pm shift in type-II i-MCBs. Possible contributing factors include fabrication defects
during screen printing, ink spreading, non-uniform block production, varying distances
between samples during superimposition, and alignment errors. Mitigating these issues, such
as limiting ink spreading and ensuring close alignment between identical samples, could

enhance the variation in normalized transmission at the operating frequency.

Finally, in Tab. 2.1, we have compared our proposed work in terms of several design and
output parameters with the relevant published works on printed FSS based on flexible
substrate. As seen from Tab. 2.1, our proposed reconfigurable method exhibits larger variation
in transmission at fope as compared to others printed THz FSS. Besides, proposed printed
reconfigurable THz i-MCB-FSSs offer a notable advantage: achieving reconfigurability

without the need for external stimuli like biasing voltage or photoexcitation. Mechanical
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Table 2.1. Comparison with other relevant published works

Ref. Fabrication Substrate | Reconfig | Modulation | Operating
method urability depth / frequency
variation
(Ahmad et Flexography PET Yes 41% 0.220 THz
al., 2023)
(Wang et Standard Polyimide - Yes 40.1% 1.08 THz
al., 2022) lithography, STO 44.7% 1.16 THz
magnetron
sputtering metal
deposition
29 GHz
(Falade et | Screen-printing | Kapton, PET No No 60 GHz
al., 2018)
(Jilani et | Screen-printing | Kapton, PET No No 60 GHz
al., 2019)
(Badamchi | Screen-printing PET No No 2.4 GHz.
et al.,
2022)
Type-1: 94% 0.15 THz
This work | Screen-printing PET Yes to 6%
Type-II: 90% | 0.20 THz
to 5%

shifting, remotely controlled by a motorized translation stage can activate or reconfigure the
THz FSS simply as well as accurately. As shown in Fig. 2.2(c), reducing the size of the square
non-metallic block shifts the peak center frequency towards higher frequencies, allowing for
maximum variation in normalized transmission on the higher frequency range of THz. This
flexibility in block size selection offers adaptability to specific operating frequency
requirements and fabrication capabilities. The peak center frequency could potentially be
adjacent to 0.3 THz with an i-MCB block size of 300 um and Ad in accordance with the
conventional screen printing meshes with a printing resolution in the range of ~100-200 pum.
Subsequently, fine-scale silicon stencils with high printing resolution (<50 um) (Hyun et al.,
2015) could be used for fabricating i-MCB with a peak center frequency of more than 0.3 THz
by reducing the block size as well as the gap Ad.
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2.6 Conclusion

In summary, our study involved the analysis and fabrication of THz band-pass filters utilizing
screen printing technology for efficient manipulation of THz waves. The reconfigurability
aspect was achieved by superposing two i-MCB-patterned THz band-pass filters, requiring the
simple shift of one layer along the x or y-axis relative to the other. This implementation resulted
in significant experimental variations in normalized transmission, ranging from 94% to 6% at
0.15 THz and 90% to 5% at 0.20 THz for proposed type-I&II: i-MCBs, respectively. The
demonstrated reconfigurable i-MCB printed FSSs hold promise for cost-effective
development, opening up avenues for diverse applications such as THz amplitude modulation,

spectroscopy, sensing, and imaging.
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3.1 Chapter overview

This chapter presents an investigation of mechanically reconfigurable THz frequency-selective
surfaces using a rotational Moiré-based reconfiguration strategy. In contrast to the lateral
displacement approach presented in the previous chapter, reconfigurability is achieved here by
rotationally stacking two identical FSS layers, enabling continuous and passive tuning of the
transmission amplitude through Moir¢ interference effects. The chapter presents the design,
fabrication, and characterization of Moiré-based THz FSS implemented using additive
manufacturing techniques, including printable electronics and three-dimensional printing.
Numerical simulations and continuous-wave THz measurements demonstrate tunable
amplitude modulation at sub-THz frequencies without external biasing or active control. This
work highlights rotational Moiré reconfiguration as a simple, scalable, and mechanically robust
approach for amplitude modulation, providing a complementary pathway to the mechanically

shifted FSS architectures explored earlier in this thesis.
3.2 Abstract

We designed and fabricated a terahertz (THz) frequency selective surface (FSS) based on two

dis-tinct additive manufacturing technologies, namely, printable electronics (PE) and three-
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dimensional (3D) printing. Silver nanoparticle ink was printed on a polyethylene terephthalate
(PET) substrate utilizing a large-scale roll-to-roll industrial PE technique with a flexographic
printed unit, while the 3D-printed THz FSS was fabricated based on a powder bed fusion-
selective laser melting system. The filtering characteristics of both types of FSS were verified
through calculation, simulation, and experiments. Furthermore, the rotational tuning approach
was applied to two identical FSSs to form reconfigurable FSSs which could be defined as
Moiré FSSs. Based on the numerical results obtained, our proposed technique which used a
PE-based Moiré FSS achieves a 58% modulation depth at 0.25 THz, while experimental
verification found a modulation depth of 41% at 0.22 THz, confirming that its adoption is
simple and cost-effective. To the best of our knowledge, this is the first demonstration of a

Moir¢ reconfigurable printed FSS operating in the THz region.
33 Introduction

Terahertz (THz) waves, with frequencies ranging from 0.1 to 10 THz and wavelengths from
0.03 to 3 mm, have potential applications in various domains, including communications,
spectroscopy, imaging, security, and medical diagnostics (Tonouchi, 2007; Wu, et al., 2020;
Zhao et al., 2022). For each of these applications, it is critical to control the wavefront, and this
can be done through generation and detection processes, or by inserting a filter, modulator, an
absorber, etc., inside the THz path (Luo et al., 2014; Siday et al., 2019). The frequency selective
surface (FSS) is a two-dimensional frequency filter with transmission and reflection
characteristics that can be designed to have high-pass, low-pass, band-pass, or band-stop
characteristics (Anwar et al., 2018). Compared to metasurfaces (MS), which have sub-
wavelength structures, one of the characteristics of standard FSS structures is that their unit
cell size is about half that of the operational wavelength (Ebrahimi et al., 2015). In addition to
filtering properties, THz FSSs also have been reported as polarization converters (Euler et al.,
2010) and absorbers (Cheng et al., 2014), among other applications (Xia et al., 2013;
Zhuldybina et al., 2020; Silalahi et al., 2021). Notwithstanding this great variety of the features
characterizing them, the parameters of these FSSs remain passive, and can consequently only
be used for specific intended applications. A tunability technique may also be used to control

the peak transmission amplitude of an FSS, resulting in the formation of a reconfigurable
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amplitude modulator at a certain frequency. The key materials that have been identified as
potential candidates for developing THz reconfigurable modulators include semiconductors
(Chen et al., 2006; Jia et al., 2022), liquid crystal (Isi¢ et al., 2015; Liu et al., 2022), graphene
(Yatooshi et al., 2015), vanadium dioxide films (Zhang et al., 2014), etc. To date, multiple
tunability approaches, such as photoinduced (Zhang et al., 2014), mechanical (Pryce et al.,
2011), electrical (Yang et al., 2021), electronical (Wang et al., 2022), and rotational (Han et
al., 2015) methods, have been used to produce modulators with active control. Impressively,
over the last ten years, the performance of the THz modulator has improved dramatically, with
modulation speeds increasing from the kilohertz (kHz) to the gigahertz (GHz) (Zhang et al.,
2015) and modulation depths have been recorded at up to 80% (Zhang et al., 2014), 90% (Isic
et al., 2019), and 93% (Isi¢ et al., 2015).

So far, the vast majority of reconfigurable THz modulators have required costly facilities such
as clean rooms and multiple production steps, making them ill-suited for large-scale
production. Moreover, the size of the unit cell of the FSS with an operating frequency in the
lower part of the THz region (sub-millimeter/millimeter wavelength) is a few hundreds of
microns, and the fact is that it is usually not necessary to use such a costly fabrication technique
with sub-um resolution for prototyping THz FSSs (Zhuldybina et al., 2020). As an alternative,
a new manufacturing method has emerged, named additive manufacturing, which can be used
to fabricate different THz FSS structures with unit cell sizes measuring a few hundreds of
microns. This technique is a low-cost and high-speed process and al-lows printing on a very
large scale. It is also environmentally beneficial as it produces less raw material waste than
conventional methods (Castro-Camus et al., 2020; Irimia-Vladu et al., 2017). It is striking that
the high precision of additive manufacturing technique, i.e., printable electronics even allows
their own non-contact inline inspection by printing THz FSS (Zhuldybina et al., 2019;
Zhuldybina et al., 2021b). There have already been a few reports on THz devices made via
additive manufacturing, including vortex phase plates (Zhuldybina et al., 2019), diffractive
THz lenses (Furlan et al., 2016), gradient-refractive-index lenses (Hernandez-Serrano et al.,
2016), band-pass filters (Ahmad et al., 2022; Sushko et al., 2017), etc. Additionally, 3D
printing has been used to create a holographic metasurface antenna that operates in the GHz

range (Yurduseven et al., 2019). Furthermore, printed flexible THz metamaterials and
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metasurfaces have been reported over the past few years. For instance, a THz metamaterial
based on electrohydrodynamic jet printing (Yudistira et al., 2013) and a printed metallic
checkerboard based on flexographic printing (Zhuldybina et al., 2020) have been reported.
However, in these demonstrations, it should be noted that none of these devices are
reconfigurable or tunable. To do so, mechanically tunable terahertz metamaterials based on a
flexible PDMS substrate have been demonstrated by J. Li et al. (Li et al., 2013), but require a
standard photolithography fabrication method. To the best of our knowledge, no reports on the
demonstration of a reconfigurable printed THz FSS exist in the literature to date. To achieve
this, the Moir¢ pattern interference scheme represents an interesting and simple way to realize
tunability from printed structures. Recent examples of Moir¢ interference have been used for
electromagnetic re-configuration at the atomic scale (He et al., 2021b), in a tunable
metasurface lens (Iwami et al., 2020), on a hyperbolic Moiré metasurface (Liu et al., 2022),
and to control the transmission amplitude of electromagnetic waves in the GHz frequency

range (Han et al., 2015).

In the present work, we demonstrate the design, fabrication, and analysis of the filtering
properties of THz FSSs produced by two different additive manufacturing approaches, i.e.,
printable electronics (PE) and 3D printing. The PE-based FSS was made from a silver
nanoparticle ink and printed on a PET substrate, while the 3D-printed FSS was fabricated using
aluminum foil. In the next step, FSSs are used to develop a reconfigurable THz FSS. To that
end, the Moiré FSS was implemented using two identical FSSs based on a triangular air hole
array. The proposed THz Moiré-printed FSS can be con-trolled by simply adjusting the rotation
angle between two identical structures. In agreement with our simulations, the experimental
results show a decrease in transmission from 90% to 53% at a center frequency of 0.22 THz in
the case of the PE-based Moiré FSS, covering a spectral width of ~250 GHz at full width at
half maximum (FWHM).

34 Modeling, fabrication, and experimental characterization of THz FSSs

The FSS pattern designed in this work is similar to that reported recently in the GHz frequency
range (Kim et al., 2017), but with dimensions of the air hole diameter and the distance be-

tween two holes much smaller to be suitable for THz applications. Real and microscopic
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Figure 3.1 THz FSS (a) based on printable electronics using silver (Ag)
ink and PET as a substrate; (b) based on 3D printing made from
aluminum foil. (¢) Experimental setup of CW THz spectroscopy. Here
Tx, Rx, and OAP stand for transmitter, receiver, and off-axis parabolic
mirror, respectively

images of the FSS based on PE and 3D printing are shown in Figure 3.1(a,b) respectively. For
the PE sample, they were printed on a flexible substrate using silver (Ag) nanoparticle ink
(PFI-600, NovaCentrix, Austin, TX, USA) using an industrial roll-to-roll (R2R) continuous
press with flexography printing units (OMET Varyftlex, Lecco, Italy). With the R2R printer, a
variety of plastic substrates are available, including polyethylene terephthalate (PET),
polyethylene naphthalate (PEN), and polyimide (PI). The processing temperatures for PET,
PEN, and PI are 150°C (heat stabilized), 200°C, and 360—400°C, respectively (Park et al.,
2019). PEN and PI can be more expensive when compared to the PET substrate. Since the
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printed FSSs were dried inline with hot air at a maximum temperature of 100°C, this allows us
to choose PET as the printing substrate, which is the cheapest available and most widely used
substrate. The thicknesses of the FSS pattern and PET substrate were 352 nm and 125 pm
respectively, while the conductivity of the printed sample was 4.40 x 10° S/m. The diameter
of the sample’s air hole was ~600 um with a distance between the centers of the two air holes
(the pitch) of ~800 pm, all covering an area of 40 x 40 mm?. A second FSS structure with the
same air hole diameter and pitch size was fabricated using the 3D printing technique (printer
model: MPL-1 from Nanogrande company). The main difference between the two types of
fabrication is the presence of the PET substrate in the PE method while the 3D printing sample
has no substrate. This one has simply a thickness of 100 pm obtained by the selective fusion

by laser on metal powder bed obtaining a conductivity of approximately 2.50 x 107 S/m.

To investigate the features of the fabricated FSSs, we employed a commercial continuous wave
(CW) THz spectroscopy system (TERASCAN 1550 from TOPTICA photonics). The
experimental setup is illustrated in Figure 3.1c. The terahertz emitter and receiver are based on
an InGaAs photodiode and InGaAs photomixer, respectively. The radiated THz waves were
collimated and refocused onto the detector by a pair of 2-inch diameter and 3-inch focal length
off-axis parabolic mirrors. Note that in our experiment, we used a resolution of 50 MHz to
resolve the characteristics of our analyzed BPF. To extract the normalized transmission
characteristics of the PE-based and 3D-printed THz BPF, the following equation was applied:

NT(w) = 3.1)

T;‘ej ' ( a))

where Tsample(@) and Tref() are the transmission of the sample and reference, respectively. The
experimental results of PE-based and 3D-printed FSS, accordingly, are shown with a solid blue
line in Figure 3.2(a,b). It was observed from experimental measurements that PE-based filters
offered a larger bandwidth covering from 130 to 380 GHz, as compared to the 3D-printed filter,
which came in at 250 to 430 GHz (i.e., at FWHM).

To confirm our experimental observation, we performed finite difference time domain (FDTD)

simulations on both FSSs using Ansys Lumerical software to characterize the properties of the
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Figure 3.2 Normalized transmission as a function of frequency in the case of a single
layer of THz FSS, (a) printable electronics-based; (b) 3D printed

investigated FSSs. During the simulations, we designed and analyzed a 6 mm length by 6 mm
width sample, which was positioned between the THz source and the detector section. Figure
3.2(a,b) illustrates the transmission characteristics obtained with the simulation (green line).
To validate our simulation and experimental results and evaluate the filter response of both
types of THz FSSs, we used the well-known numerical modeling reported by (Chen et al.,
1973). It was demonstrated that the model can accurately predict the transmission
characteristics of FSS, consisting of circular apertures with triangular lattices. The transmission

coefficients 7 can be obtained as (Chen, 1973):

I I
S A Branh (1) 1[4+ Beoth ()]

(3.2)

where f is the phase constant and / is thickness of the sample. To calculate the parameters 4
and B as functions of hole spacing and hole size, respectively, the following Equations (3.3)

and (3.4) can be applied (Kim et al., 2017; Chen, 1973):
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B=0.33(ij {(0293’1j _1J2 (3.4)
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The circular holes’ centers are separated by a distance of d, the radius of the circular hole is
denoted by a, and 4 stands for the wavelength. J; and J;” are the first kind of Bessel function

and the derivative, respectively. The phase constant can be obtained as follows:

5 :2_77((0.293/1) _IJZ 55)
A a

The above mathematical model is useful to accurately anticipate the transmission

characteristics of a THz FSS without substrate, which is the case of the THz FSS made using
3D printing. On the other hand, for an effective prediction of the PE-based THz FSS’s
transmission characteristics, we ought to take into consideration the effect of the PET substrate.
To this end, we replaced the A with A> in Equations (3.3) and (3.5) and defined as 1,= 4 x (n/n2),
where n and n; are the refractive indices of air (1.00) and PET (1.74 at 0.5 THz) (Jin et al.,
2006), respectively. As such, the calculated transmission characteristics for the two types of
FSSs were evaluated using Equation (3.2). Figure 3.2(a,b) illustrates the transmission
characteristics obtained with the mathematical model (black dotted line) and shows the

calculated peak transmission frequencies for the PE and 3D-printed FSSs at 247 and 370 GHz,

Table 3.1. Comparison between PE-based and 3D-printed THz FSS

Parameters PE-Based THz FSS 3D-Printed THz FSS
Lattice type Triangular Triangular
Fabrication method R2R flexography Powder bed fusion-selective
laser melting system
Material Ink: Ag Aluminum foil
Substrate: PET
Thickness Ink: 352 nm 100 pm
Substrate: 125 pm
Conductivity 4.40 X 10° S/m 2.50 x 107 S/m
Peak resonance frequency 0.235 THz 0.365 THz
(experimental)
Bandwidth (experimental) 250 GHz 180 GHz
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respectively. From the calculation, it is clear that both FSSs behave like band-pass filters
(BPF). The experimental measurements and simulation results demonstrated that the peak
transmission frequency of the PE-based THz BPF is at a lower frequency region as compared
to the 3D-printed THz BPF due to the PET substrate. The peak transmission frequency for a
single PE-based THz filter was determined to be 228, 247, and 235 GHz from simulation,
calculation, and measurement, respectively. Similarly, the peak transmission frequency of a
single 3D-printed THz filter obtained by simulation, calculation, and measurement are 360,
370, and 365 GHz, respectively. In Figure 3.2, we can see from experiments that the 3D-printed
THz BPF provides a sharper transmission with a higher quality factor than the PE-based THz
BPF. In addition, the stopband is exactly the same as the calculated value and more pronounced
than that obtained with the PE filter. This difference in stopband performance can be explained
by the larger amount of conductive material in the case of the 3D-printed sample as compared
to the PE sample. In terms of peak frequency transmission, predicted filter responses for both
types of filters were fairly comparable to those obtained from simulations and experiments.
However, there are some apparent differences among simulated, calculated, and measured
results in terms of bandwidth (BW). Particularly in the case of PE-based THz filters, a
significant difference in BW was found. One reason for this discrepancy could be related to
the absorption characteristics of THz waves in the PET substrate, which were not taken into
account in the numerical modeling. The comparison between the PE-based and 3D-printed

THz FSS in terms of several design and output parameters is presented in Table 3.1.
3.5 Analysis of Moiré THz printed FSS

To study the Moiré¢ interference effect, the simulation was performed while stacking two
identical BPFs made from printed FSSs, with the orientation of the second one being changed
relative to the first, with a rotation angle ranging from 0° to 90°, with a 10° step. It can clearly
be seen that as the superposition angle increases, the number of smaller groups with new
periodic patterns also increases because of the geometric design of the hexagonal air-hole
array. Thus, two identical THz FSS are being used to form reconfigurable THz FSS. From
Figure 3.3, it is obvious that the patterns for the 40°, 50°, and 60° rotations look like those for
the 20°, 10°, and 0° rotations, respectively. Similarly, the Moiré patterns for the 70°, 80°, and
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90° rotations are symmetrical with the 10°, 20°, and 30° rotations, respectively. Clearly,
beyond the 30° rotation angle, the Moiré patterns repeat symmetrically, which is why we
evaluated the azimuthal response of the THz transmission from a 0° to a 30° rotation angle,

with a 10° step. PET was taken into consideration as a substrate of the analyzed FSS.

Figure 3.4(a—d) shows the corresponding electric field distribution in the near-field for
different rotation angles. The 2D simulated electric field distribution was obtained by placing
the frequency domain field and power monitor in the near-field for different rotation angles. It
is noteworthy that as the rotation angle was changed from 0° to 30°, unique Moiré patterns
were observed with distinct field distributions, i.e., the spatiotemporal electromagnetic
responses. Additionally, to evaluate the performances of the proposed THz amplitude
modulator, the modulation depth needed to be calculated for various rotation angles at one
fixed frequency, which was determined as the operating frequency where the maximum
transmissions occur when the two samples are rotated with a 0° angle. The modulation depth

(MD) is defined as follows:

(@) -T (o)

MD(%) = x100% (3.6)
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Figure 3.3 Simulated Moiré pattern images for the rotation angle of (a) 0°; (b) 10°;
(c) 20 (d) 307 (e) 40°; (f) 50°; (g) 60°; (h) 70°; (i) 80%; (j) 90°
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where To(w) and Tx(w) are the normalized transmission of the 0° and x° rotation, respectively,
at the operating frequency (w). Figure 3.5(a) shows the simulated normalized transmission at
various rotation angles. As can be seen in the figure, the peak normalized transmission
gradually decreases when the second sample is rotated from 0° to 20°, and for a 30° rotation
angle, the normalized transmission is again increased with respect to the 20° rotation. It is also
worth noting that the maximum expected transmission peak for the 0°, 10°, 20°, and 30°
rotation angles are 97%, 70%, 48%, and 58%, respectively. The maximum transmission peak
was obtained for a 0° rotation at 0.25 THz, which is hereafter called the operating frequency
to calculate the modulation depth for different rotation angles. Accordingly, the normalized
transmission decreased from 93% to 39% at 0.25 THz when the rotation angle was adjusted

from 0° to 20°, resulting in a modulation depth of 58% (see Figure 3.5(b-left axis)). Likewise,
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Figure 3.4 Numerically obtained electric field distribution in near-field in the case of:
(a) 0° rotation; (b) 10° rotation; (c) 20° rotation; (d) 30° rotation
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the modulation depth was calculated as 28% and 46% for the 10° and 30° rotation angles,
respectively (see Figure 3.5(b-right axis)). Changes in bandpass filtering bandwidth could also
be seen when the second sample was rotated from 0° to 30°. At FWHM, the filtering bandwidth
became 238, 175, 230, and 160 GHz for 0°, 10°, 20°, and 30° rotation angles, respectively. It
can also be seen that the peak resonance frequency is also shifted towards the higher frequency
range due to the geometry of the Moir¢ pattern for different rotation angles. The corresponding
peak resonance frequency becomes 0.241, 0.254, 0.275, and 0.280 THz for the 0°, 10°, 20°,
and 30° rotation angles, respectively. From both the FWHM bandwidth and peak resonance
frequency for different rotation angles, it is evident that the rotation angle of 30° exhibits the
highest O factor among all the rotation angles, with the FWHM bandwidth dropping to its
lowest value (160 GHz). As mentioned earlier, the Moir¢ patterns repeat symmetrically after a
30° rotation. To validate this, we studied the modulation depths over an azimuthal range up to
120°, as shown in Figure 3.5(c). From this figure, it can easily be estimated that a total of five
“zero” modulation depths with 60° intervals will be obtained for a full 360° rotation, in
agreement with the hexagonal array of the designed filters. Finally, the simulation clearly
showed that the transmission of the incident THz wave could thus be controlled at the operating

frequency by employing only the rotational tuning approach.

In order to validate our simulation results, we studied the visual effect of Moir¢é interference
patterns using a 633 nm diode mounted on a 2fimaging system and coupled to a CMOS camera
(model: DCC3260M). To form a Moiré¢ FSS, we employed two identical PE-based FSSs
positioned as close as possible to each other. It should be recalled that two PE-based samples
were arranged such that the conductive ink parts touched one another, and on the two exterior
surfaces are PET substrates. The alignment of the two printed samples was also performed
using a 2f imaging system, with one held fixed in one sample holder and the other with a
rotatable mount to rotate at some fixed angles. The respective Moir¢ patterns obtained for 10°,
20°, and 30° angle rotations with the printed samples are shown in Figure 3.6(a—c),
respectively. It can be seen that the simulated and experimental images are consistent and quite

similar (e.g., see between Figure 3.4(a—d) and 3.6(a—)).
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In the following step, the normalized transmissions for various rotation angles were measured
by using two PE-based THz FSSs (shown in Figure 3.6(d)). At 0.22 THz, we extracted the

normalized transmission for 0°, 10°, 20°, and 30° rotation angle and obtained 90%, 66%, 53%,

and 58%, respectively. Their respective modulation depths were calculated using Equation

(3.6). Furthermore, from Figure 3.6(d), it can be seen that as the rotation angle changed from

0° up to 30°, significant variations in the transmission and modulation depths were observed.

The lowest transmission of an incident THz wave obtained at 0.22 THz for the 20° rotation

angle was 53%, corresponding to a maximum modulation depth of 41%. Additionally, for the

10° and 30° rotation angles the modulation depth was calculated as 26% and 35%, respectively.

It can be seen that our experimental results show some deviations from the simulation results.
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Figure 3.6 Moir¢ pattern image taken using 2f imaging system for (a) 10° rotation;
(b) 20° rotation; (c) 30° rotation. (d) Experimental normalized transmission as a
function of frequency for different rotation angles. (e) Obtained modulation depth
in the case of simulation and measured findings as a function of rotation angles

From our observations, three factors are critical in this experiment based on PE-based samples:
(1) a presence of air gap spacing be-tween the two samples, (2) a hole-to-hole misalignment
during the superposition of the two samples, and (3) a reproducibility error of the identical
fabricated samples (although in the case of printable electronics-based samples, this error is
insignificant). These three factors could explain the difference between the experimental
results and a perfect situation (simulation). Despite the differences in values between the
simulated and the experimental transmission and modulation depths, the general behavior was

the same in both cases, and we obtained a maximum modulation depth for the 20° rotation (as
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shown in Figure 3.6(e)), in agreement with the simulation. One of the major advantages of our
analyzed printed Moiré reconfigurable THz FSS is that no external stimulus, such as a bias
voltage or photoexcitation, needs to be applied in order to achieve the tunability of the
transmitted wave. To achieve reconfigurability, two samples could simply be superposed over
one another, with only one layer needing to be rotated relative to the other. Furthermore, this
rotation can be done and controlled remotely with a motorized translation stage to make THz

FSS become active.

Additionally, we used two FSSs which were 3D printed, as shown in Figure 3.1(b), to
characterize the Moir¢ interference effect by varying the rotation angle between the samples,
just as we did with samples made of PE. However, the high malleability and non-flat surface
of the 3D-printed samples made it difficult to superimpose them on each other, and this surface
variation resulted in a significant misalignment error, i.e., the holes did not form the desired
interference patterns. Because of their non-flat surface, the analyzed 3D printed Moiré FSS
was not performed effectively in terms of modulation depth (figure not shown here) when
compared to PE-based Moiré FSS. Moreover, the aforementioned problems could be
minimized by increasing the printing layers to make it a flat surface in the case of 3D-printed

FSSs in order to achieve the desired modulation depth.
3.6 Conclusion

In conclusion, we analyzed THz band-pass filters fabricated based on two different additive
manufacturing technologies. It can be noted that both technologies allow the efficient
manipulation of THz waves, i.e., band-pass filtering through the printing of FSSs. It can be
seen that 3D-printed THz BPF offers a narrow pass-band i.e., a higher quality factor as
compared to the PE-based analyzed THz BPF. Additionally, the implementation of the Moiré
interference technique based on the printed FSSs can potentially open up new possibilities for
the mass production of reconfigurable THz FSS at lower cost. Remarkably, the maximum
modulation depth obtained experimentally at 0.22 THz is 41% for a 20° rotation, which is
relatively adjacent to the expected value obtained by simulation, which was 58% at 0.25 THz
in the case of PE-based Moiré FSS. By improving the alignment and limiting the air gap

between the two samples, the discrepancy between the simulation and the experimental results
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could be minimized and the modulation depth could be improved. This validates the usefulness

of the proposed printing technology and of the Moiré THz reconfigurable FSS.
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4.1 Chapter overview

This chapter presents the design, numerical analysis, fabrication, and experimental
characterization of free-standing polarization-sensitive THz FSS based on rectangular and C
shape slot. Unlike the amplitude-only reconfigurable FSS architectures discussed in previous
chapters, the structures investigated here exhibit strong polarization-dependent transmission
responses arising from geometrical anisotropy and asymmetric current distributions. The
demonstrated polarization-selective amplitude contrast establishes the rectangular slot FSS (R-
FSS) designs as effective frequency-selective polarizers, forming a key enabling component
for the intensity-based terahertz polarimetric imaging systems developed in subsequent
chapters of this thesis. In R-FSS, the transmitted amplitude follows Malus’ law with
polarization rotation, whereas the peak center frequency remains invariant. While C-shaped
slot FSS supports polarization-dependent single, distinct resonances with high modulation
depth and well-defined spectral separation, suitable candidates for polarization dependent

tunable band-pass filter.
4.2 Abstract

In this study, we experimentally and simulatively investigated the characteristics of two

distinct frequency-selective surfaces (FSS) sensitive to terahertz (THz) wave polarization.
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These structures were fabricated using a laser-cutting technique on stainless steel. The unit
cells of the two studied FSS are rectangular-slot and C-slot respectively. Analysis of the
azimuthal dependence from 0° to 90° of the C-slot array FSS confirms the shift of the peak
center frequency of the normalized transmission towards a higher value, and with an
intermediate condition between its two modes of operation for the median values, enabling
dual-frequency operation with high polarization selectivity. In contrast, for the rectangular-slot
array FSS, no frequency shift was observed as a function of rotation angle, only an attenuation
of transmission at peak center frequency, similar to the response of a frequency-selective
polarizer. This study identifies potential candidates for polarization-dependent detection

applications, such as THz multi-spectral polarimetry and THz polarimetric imaging.
4.3 Introduction

In recent years, a wide range of terahertz (THz) applications have emerged, leveraging
polarization properties for a variety of purposes, including medical imaging and diagnostics,
non-destructive testing, the study of birefringent properties of materials, and the dynamic
measurement of refractive index variations (Yang et al., 2024; Zhang et al., 2010; Nakagawa
etal., 2022; Van Der Valk et al., 2005; George et al., 2012; Blanchard et al., 2014b). To access
information on the polarization state of a THz wave, several approaches are possible, but most
commonly through the coherent detection of the electric field using time-domain methods for
spectroscopy (Neu & Schmuttenmaer, 2018) and imaging purposes (Blanchard et al., 2013).
Alternatively, a simple method consists of using polarization-dependent filters (Li et al., 2017)
in between the emitter and receiver. For example, frequency-selective surfaces (FSS) may have
a design featuring polarization-sensitive response (Chen et al., 2015), offering excellent control
over electromagnetic wave propagation to extract the specific polarimetric response at a given
frequency. At THz frequencies, a polarization-sensitive FSS (PS-FSS) consists of a two-
dimensional (2D) structure whose geometric size of its unit cell is comparable to the operating
wavelength (Ebrahimi et al., 2015) and is usually asymmetrical or oriented in a particular way,

favoring one polarization over another to ensure optimum polarization sensitivity.

Over the past several decades, quasi-optical filters based on periodic metallic structures have

been extensively developed in the microwave and mm-wave ranges for spectral shaping,
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dichroic separation and multi-band operation (Beruete et al., 2004; Aznabet et al., 2008; Zhang
et al., 1991; Kim et al., 2017). These concepts have been adapted to the THz domain, using
split-ring resonators (SRR) (Debus & Bolivar, 2007), graphene-based active layers (Zhu et al.,
2014; Ma et al., 2021), and cross-shaped structures (Yan et al., 2016; Voisiat et al., 2011;
Ferraro et al.,, 2017b). Despite these advances, achieving precise and robust polarization
control within specific THz bands remains a notable challenge. This limitation becomes
particularly critical in applications requiring multi-spectral or frequency-resolved polarization
measurements under broadband THz illumination, where existing structures often lack
sufficient polarization contrast and tunability. To develop polarization-sensitive THz-FSS,
various strategies such as single-band to dual-band resonances (Lin et al., 2019; Xu et al.,
2021), polarization-dependent tunable triple-band absorber (Zhan & Fan, 2023), narrow-band
polarization modulators (Chen et al., 2013), dual-band polarization converters (Li et al., 2019),
and single- to dual-band polarizer (Vegesna et al., 2014), have been explored. However,
existing approaches are often hindered by their reliance on either complex multi-layer
structural designs, or the use of high-cost fabrication methods like photolithography (Chen et
al., 2013; Li et al., 2019; Vegesna et al., 2014). For instance, FSS with polarization selection
and dual-band polarization conversion characteristics has been reported by (Li et al., 2019).
The top and bottom metallic periodic arrays in this FSS give band-pass and band-stop
properties for TE and TM polarized incidences, respectively as well with some conditions
followed by this analyzed FSS could be used as dual-band linear-to-circular polarization
conversion. Additionally, by integrating metallic resonators with vanadium dioxide (VO2)
patches, Subash et al. proposed a design technique to build a reconfigurable THz FSS polarizer
with an extinction ratio of ~25 dB as the temperature is varied from 28° C to 80° C (Vegesna
et al., 2014). However, such reconfigurability usually requires multi-layer structures and

external stimuli, adding to the complexity of the system.

A potential solution lies in the use of single-layer anisotropic FSS geometries, such as
rectangular and C-shaped designs, which could improve polarization sensitivity and
modulation depth without complicated manufacturing procedures. To date, several studies
have been reported using C-shaped (Lee et al., 2006; Sahu & Chaudhuri, 2024; Zhang et al.,
2013) and rectangular shape structures (Hong et al., 2017; Lee et al., 2017; Hong et al., 2013)
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in THz region. However, the polarization-dependent multiple-resonance behavior of C-shaped
structures can be disadvantageous for applications that require a single, well-defined spectral
response for each polarization state, such as reconfigurable or tunable band-pass filters, single-
frequency modulators, and systems relying on well-isolated polarization channels where
precise spectral selectivity and uniformity are essential. In contrast, the rectangular shape FSS
structures reported in (Hong et al., 2017; Lee et al., 2017; Hong et al., 2013) demonstrated
relatively low transmission contrast (A7yy), with maximum values of approximately 55%, 30%,
and 41% as of reported in (Hong et al., 2017), (Lee et al., 2017), and (Hong et al., 2013),
respectively. However, for frequency-selective polarizer applications, a high contrast in
transmission between horizontally and vertically polarized THz waves is beneficial to ensure
robust polarization selectivity and improved functional performance. Importantly, fabrication
of such components commonly involves expensive photolithography, predominantly requiring
dielectric substrates (Chen et al., 2013; Vegesna et al., 2014; Zhang et al., 2013; Hong et al.,
2017; Lee etal.,2017; Hong et al., 2013). As a result, dielectric losses and time-domain echoes
are introduced, impairing overall system performance. A promising solution is to use free-
standing polarization-sensitive FSSs and can be efficiently fabricated by laser cutting
technique. Laser cutting offers several advantages compared with other fabrication techniques
such as photolithography, inkjet printing, or screen printing. It is a mask-free, rapid-
prototyping process that allows precise patterning of metallic or dielectric films without
requiring cleanroom facilities. Importantly, laser cutting enables the fabrication of free-
standing, substrate-free FSS structures, which is particularly attractive for THz-TDS
measurements because it minimizes unwanted echoes and reflections that normally arise from
dielectric substrates. To date, laser-cutting technology has been widely employed to efficiently
fabricate free-standing THz components, including wire-grid polarizers (Born et al., 2015),
Fabry—Perot cavity antennas (Aqlan et al., 2021a), bandpass filters (Born et al., 2015; Sebastian
et al., 2024), asymmetric SRR (Taleb et al., 2020), periodic array of circular apertures (Cao &
Nahata, 2004) and extraordinary-transmission arrays (Camacho et al., 2020). To the best of
our knowledge: (1) no free-standing THz frequency-selective polarizer with high transmission

contrast has been reported; and (2) no substrate-free polarization sensitive C-shaped FSS has
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been shown to produce a single, distinct resonance in the specific THz bands for each

polarization state with high modulation depth.

In this work, we present the design, simulation, fabrication, and characterization of
polarization-sensitive THz FSSs based on rectangular slot FSS with non-uniform spacing
between two consecutive slots along x and y axes and C-slot FSS with extended gaps. The
analyzed FSS models are realized by creating an array of slots from two distinct structures on
stainless steel. Variations in rotation and geometric shape are evaluated. Since the
manufacturing process is based on laser cutting, the FSS is realized as a complementary
structure, in which each unit cell consists of air apertures in a metallic sheet. According to
experimental results, modulation depths of around 97% are achieved at operating frequencies
of 0.415 THz and 0.310 THz for rectangular-slot FSS and C-slot FSS, respectively. It is also
evident that there is good agreement between the simulated results and the measured data. This
analysis also discusses the reconfigurable approach of these two proposed FSSs for a future

THz polarimetric measurement prototype.

4.3.1 Contribution
Key contributions of this work to the development of THz polarization-sensitive FSSs include:

. By utilizing symmetric and asymmetric unit cell configurations, illustrate two distinct
mechanisms for achieving polarization selectivity: amplitude contrast (R-FSS) and spectral

shift (C-FSS).

. The C-slot FSS is optimized in gap spacing to yield a single, distinct resonance for each
vertical and horizontal polarization, providing a substantial frequency separation between the

two states.

. A generalized design model for the C-slot FSS is demonstrated, enabling the estimation
of design parameters that yield a resonance frequency doubling when the electric field

orientation shifts from perpendicular to parallel with respect to the long axis of C structures.

. The optimization of the rectangular-slot FSS structure is directed toward the
development of a free-standing frequency selective polarizer with enhanced variation in

transmission (ATxy) by tuning the periodicity along the x- and y-axes of the array.
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. The free-standing nature of both FSS structures avoids losses typically introduced by

dielectric substrates. To do so, laser cutting technique was employed for fabrication.

4.4 Design methodology and simulation results
44.1 Rectangular-slot FSS (R-FSS)

The schematic of the proposed R-FSS with design parameters is shown in Fig. 4.1(a). The
length and width of each rectangular slot are designated by the letters / and w, respectively. In
addition, the parameters x and y indicate the separation between two successive slots in
horizontal and vertical orientation respectively. The thickness of the R-FSS was chosen as 125
um, according to the available rigid stainless-steel sheets compatible with the laser-cutting
process. The slot width (w) is set equal to the slot spacing (x) along the x-axis to maintain a
balanced metal-aperture ratio. Depending on the orientation of the rectangular slot, the R-FSS
may exhibit polarization-sensitive behavior at a certain peak center frequency. This inherent
polarization selection enables the structure to function as a frequency-selective polarizer (FSP).
The anisotropic geometry of proposed FSP allows to selectively transmit THz waves whose
electric field is perpendicular to the long axis of the slots, while suppressing components

parallel to it.

The resonance response of the rectangular-slot FSS can be interpreted using a simplified LC
framework, which offers clear physical insight into the roles played by the slot dimensions.
The slot length primarily determines the effective inductive path associated with the circulating
surface currents, whereas the slot width governs the effective capacitance through the electric-
field coupling across the aperture. Accordingly, the resonance frequency of the rectangular slot

can be approximated using the following relation:

f :—1 4.1
res 27[@ ()

In a thin metal sheet containing rectangular apertures, the circulating surface currents flow
predominantly along the long edges of each slot, making the effective inductance L strongly
dependent on the slot length ({). Increasing [ extends the current path and increases the stored

magnetic energy, whereas the slot width w mainly influences the effective capacitance C
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Figure 4.1 (a) Schematic of the proposed R-FSS; simulated normalized
transmission spectrum for (b) a: = 0° and (¢) ar = 90° (/=400 pm, w=50 pm, x=50
um, and y is varied); (d) normalized transmission as a function of relative
polarization angle (/=400 pm, w=50 pm, x=50 um, and y=300 pm)

through the electric-field coupling across the aperture. Consequently, the resonance frequency

is governed primarily by the slot length and can be approximated as:

I % 42)

To predict the behavior of the analyzed R-FSS, we used the Lumerical FDTD (Finite-
Difference Time-Domain) simulation software. Perfectly matched layer (PML) boundaries
were applied along all three axes to suppress unwanted reflections. In the mesh settings of
FDTD simulation, an auto non-uniform mesh was used to balance accuracy and computational

efficiency. To further enhance accuracy around the subwavelength apertures, a mesh-override
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region was applied over the sample area, enforcing finer spatial resolution along all three axes.
Simulations were performed using a Gaussian broadband THz source as the emitter and a time-
domain monitor as the detector, with the free-standing FSS positioned between them. The
metallic component of the FSS was modeled as stainless steel with its corresponding material
properties. Time-domain data were recorded using a time monitor that captured 4096
uniformly spaced temporal snapshots. Following this, a fast Fourier transform (FFT) was
applied to the time-domain data to obtain the corresponding spectral amplitude. Normalized

transmission (NT) is calculated as follows (Ahmad et al., 2024):

T
NT — sample (43)

71ref

where Tsample and Trer are the FFT amplitude of the analyzed sample and without sample as

reference respectively.

In addition, the variation of transmission (A7xy) and modulation depth (MD) could be

calculated using the following equation:

AT, =Ty ~ Ty (4.4)
MD = TO;—Y;O 4.5)

0°

where To- and Too° are the normalized transmission at 0° and 90° relative polarization angle (ax)

respectively.

Figure 4.1(b) shows the normalized transmission response as a function of distance between
two rectangular slots along the y axis. In this figure, the design parameter / is fixed as 400 um,
while w and x are fixed at 50 um, and the corresponding polarization of the incident wave is
horizontal (a,=0°), i.e., perpendicular to the long axis of the aperture. As the spacing y between
the two slits increases, a resonance peak appears, exhibiting a response characteristic of a
bandpass filter. It is also noticeable that as the y parameter is increased, the corresponding peak
center frequency is shifted to a lower frequency. At »=300 um, the normalized transmission

coefficient reaches 0.92 at the maximum center frequency of 0.4 THz. At this spacing, the slot
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length (/) is 400 um, which explains the maximum transmission observed at a frequency
corresponding to approximately A/2, i.e., 0.4 THz, which also aligns with the approximate

aperture-resonance condition (Garcia-Vidal et al., 2005):

Jres ® 7 (4.6)

where / and co are the effective length of the long axis and the speed of light respectively.

Figure 4.1(c) illustrates the case of an incident THz wave with vertical polarization (a:=90°).
With this orientation, the electric field is parallel to the long axis of the aperture, the signal is
strongly attenuated for all values of y, as expected for a wire grid polarizer (Mansourian et al.,
2021). There is a slight variation in the normalized transmission coefficient at peak frequency
as y increases. For y=300 pum, the normalized transmission coefficient at 0.4 THz is 0.08. For
case-1, we obtain the optimized parameters as, /=400 um, w=50 pm, x=50 um, and y=300 um.
Thus, the final dimensions were obtained through a brief manual iterative refinement to
achieve the targeted polarization-dependent transmission. According to the simulation results,
the modulation depth and variation in NT in this configuration is 91.3% and 0.84 at 0.4 THz
respectively. Subsequently, the relative polarization angle was varied from 0° to 90° with 10°
steps, a gradual decrease in transmission is observed while the peak center frequency is almost
constant as shown in Fig. 4.1(d). This behavior is in agreement with Malus’ law by satisfying

the following equation (Lee et al., 2017):
2
T(a,)=T,cos (a,) 4.7)

Where, 70 is the maximum transmission obtained at a,=0°. Following to investigate the impact
of structural scaling on resonance behavior, we systematically varied the optimized geometric
parameters while maintaining a constant filling factor. Specifically, the design parameters of
case-1 were increased by 10%, 25%, and 75% to form case-2, case-3, and case-4, respectively.
This adjustment extended the slot length (/) to 440 um, 500 pm, and 700 pm. As a result, a
progressive downward shift in the resonance frequency was observed, with peak center
frequencies shifting to 0.360 THz, 0.320 THz, and 0.226 THz, respectively. This frequency

shift is primarily attributed to the increase in the structure’s effective inductance (L), which
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depends strongly on the slot dimensions. In the R-FSS, increasing the slot length extends the
current path around the aperture, leading to a higher inductive loading and a corresponding
downward shift in the resonance frequency, consistent with the LC-resonance behavior of
rectangular-slot FSS structures. Although changes in slot geometry also influence the effective
capacitance (C), the dominant contribution to the resonance shift in this case arises from the

inductive term.

442  C-slot FSS (C-FSS)

The C-shape resonator is well known and is often referred to as the split-ring resonator (Hao
et al., 2024). It is a unit cell used in many types of metasurfaces or metamaterials (Lee et al.,
2006; Sahu & Chaudhuri, 2024; Zhang et al., 2013; Shiri et al., 2023; Zhao et al., 2017;
Blanchard et al., 2012; Papari et al., 2023). C-shaped structures support two resonant modes
for horizontally polarized excitation, whereas vertical polarization typically yields a single
predominant peak (Lee et al., 2006). Given the limited resolution of our laser-cutting system,
we consider our C-shape resonator to be a frequency-selective surface rather than a
metasurface. It's important to note that these anisotropic resonances are sensitive to the
polarization of the input THz wave as well as the periodicity, length, width, and gap of the C-
shape FSS.

Following that, the C-FSS was simulated using the finite-element method (FEM). The C-
shaped FSS contains a curved air aperture into the metal, along with narrow slot regions and
polarization-dependent LC-type current paths along the slot edges, all of which are more
accurately resolved with FEM-based modeling (Ansys HFSS). The slitless circular shape (d=0
pm) mainly exhibits a single resonance at both polarization angles. This behaves like a
bandpass filter with a peak center frequency of 0.275 THz, see Fig. 4.2(a). In Figs. 4.2(b-f),
the addition of a gap (d) is studied numerically for polarization transition from perpendicular
to the parallel orientation relative to the gap. Extending the gap (d) i.e. increasing the metal
transition and setting the o,=0° leads to the appearance of two strong resonances. When the
element spacing is increased from 50 pm to 306 um, the center frequency of the filtered
response shifts to a higher frequency. This is explained by the reduced distance traveled by the

electric field through the semicircular slot. Point to be noted in the case of d=306 um, two
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Figure 4.2 Simulation results of NT as a variation of gap (d) of C-FSS for both a;
=0° and 90° with design parameters as a=400 um and »=33.33 pum: (a) 0 pm; (b)
50 pm; (¢) 100 pm; (d) 200 pm; (e) 250 um and (f) 306 pm

edges are flattened as shown in inset of Fig. 4.2(f). It can also be seen that, in the case of a
small gap, i.e. 50 um, two dominant resonances are observed and as the gap increases, the
second resonance progressively attenuates, resulting in a single dominant resonance peak. As
the gap becomes larger, the weakened capacitive coupling suppresses the higher-order
resonance, while the fundamental low-frequency mode governed by the longest current path

under o, = 0° excitation remains.

In contrast, for a. = 90°, the structure exhibits a single resonance at a frequency higher than the
modified fundamental mode observed for a; = 0°. This produces the observed ordering, where
fooe 1s higher than the surviving foo resonance when the gap spacing in C-shaped aperture
becomes wider. In Figs. 4.2(b-f), we also noticed the same behavior with a single resonance,

whatever the gap size, from 50 um to 306 um. Additionally, as the gap (d) increases, the central
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0°; (f) corresponding surface-current distribution for a relative polarization angle
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frequency of the corresponding peak shifts to a higher frequency, from 0.285 THz to 0.430
THz.

Based on these observations, we considered an optimum gap (d) size of 306 um for further
analysis. Next, the effect of slot width (b) on the transmission characteristics is investigated
and illustrated in Fig. S4.1 (see supplementary information-section 1). For a,=0°, an increase
in slot width leads to a noticeable rise in residual transmission at higher frequencies. By
balancing the trade-off between maximizing peak transmission and minimizing residual
transmission, optimal design parameters were selected. Indeed, the optimized gap width (d)

and slot width () allow the appearance of only two distinct frequencies depending on the
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polarization of the incident THz wave. This case is simpler to study than a transmission with
three interrelated frequency components, and could therefore be used as a tunable,

polarization-sensitive bandpass filter.

A schematic example diagram of the simulated C-FSS is presented in Figs. 4.3(a,b). In the
following step, we have analyzed the dependence relative to the polarization of the incident
THz wave. At a; = 0°, the resonance is 0.210 THz with NT= 95 %, whereas it is 7% at 0.430
THz. On the other hand, at a: = 90°, the resonance was noticed at 0.430 THz with NT= 94 %
whereas at 0.210 THz the transmission is about 3%. At a, = 45° almost 50% of peak
transmittance is noticed at both resonances, see Figs. 4.3(c,d). The corresponding MD at foe
and foo- are 0.968 and 0.92, respectively. Here foo and foo- represent the peak center frequency

for 0° and 90° polarization angle, respectively.

From simulation analysis, it is evident that the peak center frequency for o, = 90° is almost
doubled compared to ar = 0°. To validate this statement, we also carried out a simulation
analysis, by decreasing (case-1) and increasing (cases-3 and 4) the design parameters (a, b, c,
d) while maintaining the same fill factor. Finally, based on the simulation analysis, we defined

optimized parameters for four different cases and summarized them in table 4.1.

Table 4.1. Optimized parameters of C-FSS

Type | a(um) | b(um) | ¢ (um) | d (um) | foo (THz) | fooo(THz)
Case-1 300 25 200 | 229.5 0.281 0.575
Case-2 | 400 | 33.33 | 266.67 | 306 0.210 0.430
Case-3 500 | 41.66 | 333.33 | 382.5 0.168 0.348
Case-4 | 600 50 400 459 0.141 0.29

In all cases, we noticed that the behavior of foo = 2fo- was still valid. What's more, when we
increase the dimensions of the design parameters, we notice that the central frequency of the

peak is shifted to a lower frequency, as expected. It is also noteworthy that by selecting
_2a p=2

parameters as 3 and  12,a single-peak resonance can be achieved. In addition to the

four primary cases discussed, further numerical investigations were conducted by varying
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design parameters to develop the generalized model, as presented in the supplementary

A

0°

information-section 2. For all configurations, the ratio < remains close to 4.6, whereas ¢

A

90°

is approximately 2.25 (see Table S4.1: supplementary information). Where Zoc and Agoe
represent the peak resonance wavelength for - = 0° and 90° respectively. This relationship can
be used to determine the appropriate design parameters for achieving a specific peak resonance

frequency.

Subsequently, the normalized surface-current distributions at the respective resonance
frequencies for o, = 0° and 90° are presented in Figs. 4.3(e—f). For o, = 0°, the incident electric
field is directed across the opening of the C-shaped slot, strongly exciting the two vertical arms
of the structure. This drives charge buildup and intense surface currents concentrated at the
inner corners of the slot, giving rise to two dominant current-density hotspots. In contrast, for
or = 90°, the electric field couples primarily along the curved segment of the C-slot. These
distinct current patterns highlight how the asymmetric geometry of the C-slot supports

different polarization-dependent resonant pathways for the two excitation states.

4.5 Fabrication and experimental setup

In our work, both the C-FSS and R-FSS structures were fabricated using an LPKF ProtoLaser
U3 system. Stainless steel was selected as the metal sheet for laser cutting because it strongly
absorbs laser radiation, enabling efficient and precise machining with relatively low laser
power. Electromagnetically, stainless steel behaves as a near-perfect reflector in the THz
regime, making it well suited for realizing free-standing metallic FSS structures. The laser used
for cutting is based on a diode-pumped YAG with a wavelength and focal beam diameter of
355 nm and 15 pm respectively. The minimum achievable cutting width is ~18 um, which is
sufficient to accurately realize subwavelength slot features in the lower THz band. In addition,
the scan-to-scan positional precision of the laser machining system is approximately £2 um,

ensuring excellent dimensional repeatability across the patterned area.

Experimental characterization of the fabricated FSS was carried out using a commercial THz
time-domain spectrometer (THz-TDS), the Toptica TeraFlash pro system, and the

experimental schematic and photograph are shown in Fig. 4.4(a,b) respectively. The THz
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Figure 4.4 (a) Schematic layout of the experimental setup; (b) photograph of the THz-
TDS system used for characterization; and (c) reference transmission spectra measured
without any sample inserted

signal is emitted and detected by photoconductive antennas (PCAs), each coupled to a 1560
nm fiber and equipped with a rear-mounted integrated silicon lens. The system provides
broadband spectral coverage from 0.1 to 6 THz and achieves a dynamic range of ~100 dB. The
emitted THz beam has a diameter of roughly 1 mm at 1 THz, and as the beam waist scales
inversely with frequency (w o< 1/f), the spot size increases at lower THz frequencies. To ensure
that multiple FSS unit cells are uniformly illuminated, the sample was positioned near the focal
plane where the beam is most tightly confined. THz waves are guided by 4 off-axis parabolic
mirrors (OAP) and a focusing position is defined between OAP2 and OAP3 where we placed
the sample (FSS). Also, a wire-grid polarizer was placed before the sample to ensure that only
a single linear-polarization component illuminates the structure, enabling polarization-
resolved measurements. Each recorded time-domain waveform spans 50 ps and the

corresponding reference spectrum, obtained without placing any sample at the focal position,



120

is shown in Fig. 4.4(c). This spectrum represents the system’s intrinsic response and is used to

normalize the sample’s transmission.

4.6 Experimental results of the R-FSS

The microscopic image of the fabricated rectangular slot FSS (case-1) is depicted in Fig. 4.5(a).
The thickness of the fabricated R-FSS is 125 um. In our experimental analysis for ease, we
choose to rotate the sample instead of changing the polarization angle of the emitter as done

in the simulation analysis. Fig. 4.5(b) shows the transmission characteristics of the fabricated
R-FSS (case-1) as a function of relative polarization. It is seen that for a;=0°, the transmission
characteristics behave as a band-pass filter with a peak center frequency at 0.415 THz and the

operating full width at half maximum (FWHM) bandwidth of 250 GHz. The peak transmission
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Figure 4.5 (a) Microscopic images of R-FSS (case-1); (b) normalized transmission
for different rotation angles from 0° to 90° (R-FSS dimensions: /=400 pm, w=50
um, x=50 pm, y=300 um); (c) the analysis between theoretical and experimentally
obtained azimuthal angle dependent transmission characteristics for case-1 at 0.41
THz; (d) side-by-side comparison of the simulated and experimentally obtained
normalized transmission spectra for the R-FSS, evaluated across the four
fabrication cases (case-1 to case-4); (e) angular-tilt dependence of the on-axis
normalized transmission for the R-FSS (case-4): (i) &=0° and (ii) &=90°
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coefficient becomes 0.75 for 0° relative polarization angle. By rotating the FSS, the
polarization of the incident wave becomes gradually parallel to the y direction and then the
transmission is gradually attenuated. At 45° the transmission becomes almost half compared
to 0° rotation. And finally, with 90° rotation the transmission coefficient becomes 0.02 at
operating frequency 0.415 THz, blocking the incident THz wave. Which in turn exhibits a
modulation depth of 97.3%. This characteristic illustrates that the analyzed R-FSS behaves as
a frequency-selective polarizer or polarization dependent THz band-pass filter and could be
useful for frequency-selective THz polarimetric systems. Furthermore, the azimuthal angle-
dependent transmission characteristics at the peak center frequency are compared with the
theoretical prediction from equation (4.7). The corresponding graphical analysis is illustrated

in Fig. 4.5(c).

By modifying the design parameters (/, w, x, y), we can adjust the operating frequency of the
proposed R-FSS. To validate this concept, we also manufactured three other R-FSS as defined
in table 4.2 for cases 2, 3, and 4. The transmission characteristics measured at o,=0° and 90°
are presented in Fig. 4.5(d), together with the corresponding simulation results. A strong
correlation is observed between the experimental data and the simulated responses, confirming
the accuracy of the model. In summary, the center frequencies of cases-1, 2, 3, and 4 are 0.415
THz, 0.370 THz, 0.331 THz, and 0.230 THz, respectively. Also, for 0° azimuthal angle, the
corresponding FWHM bandwidth of the band-pass filter becomes 250 GHz, 200 GHz, 180
GHz, and 150 GHz for cases-1, 2, 3, and 4, respectively. It is interesting to note that as the
operating peak center frequency moved to a lower frequency, the corresponding FWHM

bandwidth decreased, which in turn increased the quality factor (Q). Moreover, when there is

Table 4.2. Modulation depth of different cases of R-FSS

Type Jpeak (THZ) MD Variation in NT at fpear (0°
to 90°)

Case-1 0.415 0.973 0.73

Case-2 0.370 0.975 0.80

Case-3 0.331 0.988 0.83

Case-4 0.230 0.989 0.87
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no rotation (0°), the transmission coefficient at the peak center frequency gradually increases
as the design parameters (/, w, x, y) are increased while maintaining the same filling factor.
This shift is accompanied by a gradual transition toward lower frequencies, with the
corresponding normalized transmission coefficients reaching approximately 0.82, 0.84, and
0.88 for cases-2, 3, and 4, respectively (at a,=0°). Notably, in all cases, a 90° rotation
completely blocks the THz signal, functioning as a wire grid polarizer in a cross-orientation
relative to the emitter. Experimentally, the measured modulation depth (MD) for cases 2, 3,
and 4 is 0.975, 0.988, and 0.989, respectively. In summary, table 4.2 presents the
experimentally obtained peak center frequencies, variations in normalized transmission, and

modulation depths for different R-FSS configurations.

Following, to assess the angular robustness of the structure, the R-FSS (case-4) was
subsequently tilted up to 6; = 30° with 5° steps in the x—z plane for both polarization
configurations (a: = 0° and 90°). As shown in Figs. 4.5(e(i-i1)), the normalized transmission
exhibits minimal variation across the entire tilt range, demonstrating that the FSS maintains a

highly stable on-axis response for moderate angular perturbations.

4.7 Experimental results of the C-FSS

The microscopic image of the fabricated extended gap C- FSS is depicted in Fig. 4.6(a). The
C-FSSs were fabricated on a 75-um stainless-steel sheet to accommodate its more delicate,
narrowly spaced slot geometry. For case-1, at o,=0° 1.e., E field is perpendicular to the long
axis of the C structure, the resonance frequency is observed at 0.31 THz (see Fig. 4.6(b)). In
contrast, when the structure is rotated by 90° i.e., E field is parallel to the long axis of the C
structure. This alignment shifts the resonance at higher frequency and for case-1, it increases
to 0.64 THz. Following, we have characterized the C-FSS (case-1) experimentally with
different relative polarization angles from 0° to 90° with 10° steps. As the rotation angle
increases, a trade-off between the two operating frequencies becomes evident. At a, = 45°,
nearly identical transmission levels are observed at the two peak center frequencies. The
comparison between the simulated and measured responses for different relative angles is
presented in Fig. 4.6(c). Despite this good agreement in the expected physical behavior, a

minor discrepancy is observed between simulation and experiment in terms of operating
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Table 4.3. Modulation depth of 4 different configurations of C-FSS

Type Jexp-oaeg (THZ) Jexp-90deg (THZ) MD (fo) MD (foo)
Case-1 0.31 0.64 0.966 0.848
Case-2 0.22 0.46 0.945 0.852
Case-3 0.17 0.35 0.921 0.876
Case-4 0.15 0.29 0.906 0.846

frequency and normalized transmission. This deviation can be attributed primarily to two
factors. First, fabrication tolerances associated with the laser-cutting process, such as small
dimensional deviations or edge roughness can shift the resonance frequency. Second,

variations in beam alignment and sample placement during THz-TDS measurements can
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Figure 4.6 (a) Microscopic image of the fabricated C-FSS corresponding to case-1;
(b) Measured normalized transmission spectra for two orthogonal polarization
states (0° and 90°) demonstrating polarization-dependent resonance behavior; (c¢)
comparative illustration of simulated and experimental responses for varying
polarization angles from 0° to 90°, confirming the angular sensitivity of the C-FSS
(case-1); (d) transmission characteristics for all four fabricated cases, highlighting
performance differences under 0° and 90° excitations; effect of angular tilt on the
on-axis normalized transmission of the C-FSS (case-2) for (e) a,=0° and (f) 0:=90°
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slightly modify the effective illumination conditions, thereby influencing the amplitude and
resonance position. More importantly, in the simulations of C-FSS, a plane-wave excitation
was employed, while the THz-TDS measurements use a Gaussian beam with a finite spatial
profile. This difference in illumination leads to a slight residual transmission at higher
frequencies in the simulated spectra, which is absent in the experimental results. Subsequently,
by modifying the design parameters, we fabricated three additional C-FSS structures, with their

parameters summarized in table 4.3.

The corresponding transmission characteristics for o,=0° and 90° for cases 1 to 4 are shown in
Fig. 4.6(d). At o,=0°, the peak center frequencies for cases 1, 2, 3, and 4 are 0.31 THz, 0.22
THz, 0.17 THz, and 0.15 THz, respectively. Under 90° rotation, these frequencies shift to 0.64
THz, 0.46 THz, 0.35 THz, and 0.29 THz, respectively. Also, based on the experimentally
obtained and simulation results we developed a generalized model to predict resonance
frequency at both orthogonal polarizations. The resonance frequency for a,=0° and 90° is

governed by following equations:

CO
- 4.8
f;) 2leot ( )
C
Jow ® T 0 (4.9)

'slot

Where Lsiot demonstrates effective slot length and is quantified as L,, =a+c . As the orientation

'slot
shifts from 0° to 90°, the peak transmission coefficient undergoes a distinct flip between fo- and
Jfooe, with the peak center frequency nearly doubling in all cases. Subsequently, we calculated
the modulation depth for each case using the equation (4.5) and the corresponding values are
summarized in Tab. 4.3. From this analysis it is seen that, modulation depths at fo- is
consistently higher than at fooe, a similar behavior also observed in simulations. This behavior
can be attributed to the band-pass filtering characteristics, as observed in Fig. 4.6(b). The
filtering response lacks a sharp roll-off; instead, a small residual transmission persists beyond

the cut-off frequency into higher frequencies.
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Following, an angular-stability analysis was carried out by tilting the sample in the x—z plane
up to 6 = 30° in increments of 5°. For a, = 0°, the incident electric field strongly drives the
circulating current path along the C-shaped slot, allowing the resonator to remain efficiently
excited even under moderate tilt (see Fig. 4.6(e)). As a result, the normalized transmission
shows minimal variation across the full angular range, indicating robust on-axis angular
stability. In contrast, for a, = 90°, significant reduction in normalized transmission observed at
6 > 20° due to the reduction in the effective electric-field component interacting with the
structure and becomes more sensitive to angular tilt, as observed experimentally and depicted

in Fig. 4.6(f).

4.8 Comparison with prior work

The comparison of proposed designs with prior published work in terms of several output
parameters is demonstrated in table 4.4. By optimizing the asymmetric array spacing along the
x and y axes, our proposed R-FSS achieves maximum transmission variation of 87% for case-
4 as the relative polarization angle changed from 0° to 90°, which is greater than the reported
polarization-sensitive FSS (Hong et al., 2017; Lee et al., 2017; Hong et al., 2013), also
employed inexpensive and simple fabrication procedure as compared to (Chen et al., 2013; Li
et al., 2019; Vegesna et al., 2014; Hong et al., 2017; Lee et al., 2017; Hong et al., 2013). More
importantly, no requirement of external stimuli as used in (Vegesna et al., 2014). Another
important parameter for FSS modulator is the single frequency resonance. In (Chen et al.,
2013), authors reported single reflection resonance peak at 45° and 135° polarization angle
with a certain gap in operating frequency. However, in that work modulation depth was not
considered during investigation and suffers from complex design and expensive fabrication
tools. By considering four parameters such as having a single transmission resonance peak at
vertical or horizontal polarization independently, inexpensive fabrication tool, free-standing
structure, and enhanced modulation depth, the proposed optimized C-FSSs perform well as
compared to (Chen et al., 2013; Lee et al., 2006; Sahu & Chaudhuri, 2024; Zhang et al., 2013).
The proposed free-standing C-FSS exhibits polarization dependent resonance with fo- = 0.31
THz and fo0-=0.64 THz for case-1. Notably, the corresponding modulation depths reach 96.6%

at a,=0° and 84.8% at 0,=90°, demonstrating strong polarization selectivity.
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Table 4.4. Comparison of proposed polarization sensitive FSS with others” work

Single MD /
Ref. Design | Fabrication | Mate | Subs Operating Jfpear in | variation
shape technique rial | trate frequency each in
polari | transmissi
zation | on (ATy)
(Chen et Semiconduct | Copp | Polyi | 45°: 135°:0.57 Yes
al., Electric or er mide | 0.94 THz -—-
2013) LC processing THz
technology
(Lee et Hori No
al., Femtosecon | Alum | ----- zonta Vertical: | | = -
2006) d laser inium I: 0.62 THz
machining foil 0.28
(17 THz
um) &
0.70
THz
(Sahu & | C-shape TM: No
Chaudh Copp | ----- 3.7 | | -
uri, | | mm—- er THz
2024) and
11.2
THz
(Zhang Alum | Si | +45° | -45°:0.35 No | -
etal., inium : THz and
2013) 0.77 1.03 THz
THz
(Hong et AgN | Quar 0.63 THz ATy,
al., W tz =~55%
2017) | Rectang films
(Lee et ular Thin Si 0.92 THz ATy
al., shape | Photolithogr | gold =-30%
2017) aphy film
(150 N/A
nm)
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Table 4.4. Comparison of proposed polarization sensitive FSS with others” work

(continued)
Single MD /
Ref. Design | Fabri | Material | Substr Operating Jpear in | variation
shape | cation ate frequency each in
techni polari | transmissi
que zation | on (ATy)
(Hong et Si 0.28 THz, 0.38 THz, ATy
al., SWNT and 0.57 THz =~10%,
2013) films 12%, and
24%
PDMS 0.4 THz ATy
=~41%
(Liet Parallel Aluminu
al., and m BCB
2019) series polym 0.62 THz -
LC er as
resonato spacer
rs (Total
layer=6)
(Vegesn | Cross Gold and | Sapphi 0.47 THz -—--
aetal., shape VO, re
2014)
Case-1 | 0.415 THz AT~
Rectang Case-2 | 0.370 THz 73%
ular slot No Case-3 | 0.331 THz ATy, = 80%
This Stainless | substra | Case-4 | 0.230 THz AT, =83%
work Laser steel te AT, = 87%
cuttin (free- for | foor MD
g standin | Case | 0.31 | 0.64 96.6% and
C-slot g) -1 THz | THz | Yes | 84.8%
Case | 0.22 | 0.46 94.5% and
-2 | THz | THz 85.2%
Case | 0.17 | 0.35 92.1% and
-3 | THz | THz 87.6%
Case | 0.15 | 0.29 90.6% and
-4 | THz | THz 84.6%

TM= Transverse magnetic, AgNW = silver nanowire, SWNT= Single-walled carbon nanotubes ,
As>Ses= Arsenic triselenide, BCB= Benzocyclobutene, PDMS= Polydimethylsiloxane, ---- = not

reported
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4.9 Discussion and conclusion

The two FSS geometries were deliberately chosen to examine how structural symmetry
governs polarization-dependent behavior in the THz regime. R-FSS is a geometrically
symmetric design in which anisotropy originates mainly from the elongated aperture,
producing polarization-dependent amplitude variations at an essentially fixed resonance
frequency. In contrast, C-FSS with extended gap possesses inherent structural asymmetry,
resulting in markedly stronger anisotropy and enabling polarization-induced shifts in the

resonance frequency.

In the case of the rectangular slot FSS with sufficient vertical separation ()>x) between the
rectangular unit cells, a maximum transmission contrast (ATxy) of 87% observed as the
sample's rotation angle or the source's polarization angle shifts from 0° to 90°. Similar to recent
work on chopper-based multispectral frequency filtering (Sebastian et al., 2024), our proposed
R-FSS offers a promising solution for realizing polarization-sensitive frequency-selective
surfaces capable of extracting polarization-dependent spectral information by employing
multiple units oriented at 0°, 45°, 90°, and 135° to obtain full Stokes parameter reconstruction.
Moreover, the cost-effective fabrication of the proposed devices enables multi-spectral THz
polarimetry and THz polarization imaging using a simple broadband source and intensity

S€nsor.

In contrast, the C-FSS exhibits a single resonance peak in both vertical or horizontal
polarization independently, functioning as a reconfigurable and polarization-sensitive
bandpass filter. Notably, while the C-FSS has a lower transmission coefficient compared to
the R-FSS, however it demonstrates a higher O-factor, making it more frequency-selective.
This makes it highly suitable for polarization-resolved THz spectroscopy, birefringence
sensing, and tunable filtering applications. Importantly, both FSS structures are free-standing
and fabricated using a straightforward commercial laser-cutting process on stainless steel,

eliminating the need for substrates, lithography steps, or cleanroom infrastructure.
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4.10 Supplemental document

4.10.1 By varying slot width in the C-shape frequency selective surface (FSS)
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Figure S4.1 Simulation results of transmission characteristics as a variation of
slot width (b) and gap (d) of C-FSS for both a = 0° and 90° with design
parameters as a=400 pm and ¢=266.67 pm: (a) b= 20 um , d=334 pm; (b) b= 30
um , d=312 pm; (c) b=40 pm , d=290 pm; (d) b= 50 um , d=268 um; (e) b= 60
pm , d=246 pm and (f) b= 80 um , d=200 pum

The influence of slot width (b) and gap (d) in case-2: C-shape FSS (C-FSS) on transmission
characteristics and peak center frequencies is illustrated in Fig. S4.1. The analysis indicates
that increasing the slot width (b) results increase of residual transmission at higher frequencies
for the 0° orientation. Additionally, a reduced slot width i.e. 20 um leads to a noticeable drop

in transmission at the peak center frequency.

4.10.2  Proportional variation of design parameters in the C-FSS

Subsequently, we performed a parametric simulation analysis by varying all design parameters
of C-FSS proportionally. The corresponding results are summarized in table S4.1. From this

investigation, several noteworthy conclusions can be drawn. For instance, when the design
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2a a
=== b=
parameters are set to 3 and 12 the ratio of the resonance wavelength at 0° and 90°
A 2

0° 90"

polarization to the gap d, denoted as < and ¢ respectively remain constant in all cases.

So, for this particular configuration, relationship can be written as, Ap-= ~4.6d and Agp-=~2.25d.

Table S4.1. Modulation depth of 4 different configurations of C-FSS

a b ¢ d foo | fur | A | Awe | A/ | Age/d | 2eresd
(um) | (um) | (um) | (um) | (THz) (THz) (um)  (um)  Zore
200 | 16.66 | 133.33 153 0.420 | 0.832 714 360 1.98 4.66 2.35
300 25 200 229.5 | 0.281 | 0.575 | 1066 | 521 2.04 4.64 2.27
400 | 33.33 | 266.67 306 0.210 | 0.430 | 1427 | 697 2.04 4.66 2.27
500 | 41.66 | 333.33 | 3825 | 0.168 | 0.348 | 1784 861 2.07 4.66 2.25
600 50 400 459 0.141 0.29 2126 | 1033 2.05 4.63 2.25
700 | 58.33 | 466.67 | 535.5 | 0.121 | 0.248 | 2477 | 1208 2.05 4.62 2.25
800 | 66.67 | 533.33 612 0.106 | 0.220 | 2828 | 1362 2.07 4.62 2.225
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5.1 Chapter overview

This chapter addresses the limitations of conventional THz polarimetric systems that rely on
phase-sensitive detection and complex optical architectures by presenting an alternative
intensity-based framework for multispectral polarimetric imaging. It introduces a compact
THz polarimetric spectrometer and imaging system that operates exclusively on intensity
measurements, eliminating the need for coherent detection, mechanical delay stages, or phase
retrieval. By integrating PS-FSSs as combined spectral filtering and polarization analysis
elements, the proposed approach enables robust, multispectral polarimetric imaging within a
simplified and scalable system architecture. The chapter demonstrates how intensity images
acquired at discrete PS-FSS orientations can be used to directly extract and spatially map key
polarization parameters, such as DoLP and AoLP across multiple THz frequency bands,
enabling frequency-dependent birefringence characterization. The capability of the proposed
system is experimentally validated using a quartz crystal sample, whose well-defined
anisotropy provides a reliable benchmark for polarimetric imaging. The results highlight strong
DoLP and AoLP contrast and underscore the suitability of the approach for fast, practical, and

industrially relevant THz sensing and imaging applications.

5.2 Abstract
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A compact terahertz (THz) polarimetric spectrometer and imaging system is demonstrated
using polarization-sensitive frequency-selective surfaces (PS-FSS) and rapid, intensity-based
detection. Real-time Stokes parameter extraction enables angle-of-linear-polarization (AoLP)
measurements and quantitative retrieval of the birefringence of a 1-mm-thick x-cut quartz
crystal, used here as a benchmark anisotropic sample. The extracted birefringence is in good
agreement with THz time domain spectroscopy-based measurements, validating the accuracy
of the proposed THz polarimetric approach. Signal-to-noise ratios (SNR) up to 87 dB across
0.23-0.41 THz ensure reliable discrimination of the measured spectral components above the
noise floor. Extending this approach to raster-scanned THz imaging using distinct PS-FSS
orientations (0°, 45°, 90°, and 135°) enables simultaneous mapping of frequency-dependent
Stokes parameters. The resulting degree of linear polarization (DoLP) and AoLP maps exhibit
well-resolved polarimetric contrast, consistent with numerical simulations and independent
visible polarimetric measurements. Operating entirely without field-resolved detection or
mechanical delay stages, the system provides a robust and compact platform for THz

polarimetric spectroscopy and imaging of anisotropic materials.
5.3 Introduction

Polarimetric imaging has emerged as a powerful tool for material characterization, enabling
the detection of anisotropy, stress-induced birefringence, and molecular orientation through
polarization-resolved measurements (Baek et al., 2022). In the visible and near-infrared (NIR)
spectrum, compact polarimetric cameras are widely available, typically employing micro-
polarizer arrays in which each super-pixel consists of four sub-pixels oriented at 0°, 45°, 90°,
and 135° (Liu et al., 2025b). This configuration enables the simultaneous acquisition of
polarization-resolved intensities, as shown in Fig. 5.1(a), allowing reconstruction of the Stokes
parameters (So, S1, $2) and derived quantities such as the degree of linear polarization (DoLP)
and angle of linear polarization (AoLP) (Lapray et al., 2018; Raffoul et al., 2022). Such systems
have found extensive applications in biomedical imaging, surface inspection, and industrial
quality control by revealing microstructural variations and surface textures that are not
accessible with conventional intensity-only imaging (Zuo et al., 2023; Zhang et al., 2024; He

et al.,, 2021c). Recent advances in visible- and infrared-wavelength polarimetric cameras,
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including metasurface-based Stokes imaging polarimeters, further highlight the progressive
development of polarization-resolved imaging technologies, supported by earlier
developments and subsequent extensions of metasurface concepts into the mid-infrared (Li et
al., 2025; Tan et al., 2024; Zhao et al., 2018). Despite their versatility, visible and infrared
polarimetric systems are fundamentally limited by shallow penetration depths in dielectric and
scattering materials. In contrast, terahertz (THz) radiation offers enhanced penetration into
non-metallic materials such as plastics, wood, ceramics, and paper (Nakanishi & Satozono,
2020; Wietzke et al., 2009), positioning THz polarization-resolved characterization and
imaging as a promising complementary modality for mapping polarization-dependent contrast
in a wide range of industrial and scientific samples (Xu et al., 2020; Morris et al., 2012; Chai

et al., 2020; Huang et al., 2021; Harris et al., 2024; Xu et al., 2023; Gurjar et al., 2024).

A wide range of THz polarimetric imaging techniques, predominantly based on THz time-
domain spectroscopy (THz-TDS), have been developed to probe material anisotropy and
enhance imaging contrast (Van Der Valk et al., 2005; Zhang et al., 2008; Wang et al., 2010;
Lowry et al., 2025; Xu et al., 2024a; Xu et al., 2024b; Heller et al., 2025; Baek et al., 2024).
Early demonstrations employed ZnTe-based electro-optic polarization imaging to achieve full
electric-field reconstruction and birefringence mapping (Van Der Valk et al., 2005), later
extended through Jones-matrix analysis and balanced electro-optic detection to improve
sensitivity and spatial resolution (Zhang et al., 2008; Wang et al., 2010). While these coherent
THz-TDS approaches provide effective polarization retrieval, they inherently rely on
mechanical delay lines, resulting in bulky and complex systems that are poorly suited for
compact or real-time operation. To reduce system complexity, alternative strategies have been
explored, including polarization-resolved single-pixel THz-TDS employing Hadamard coding
(Lowry et al., 2025), portable reflection-based scanners measuring orthogonal polarization
states (Xu et al., 2024b), and Monte Carlo-based approaches developed for biomedical
applications (Xu et al., 2024a; Heller et al., 2025). However, these approaches typically require
computationally intensive reconstruction, which limits real-time performance. Polarization-
sensitive metasurface absorbers that encode THz polarization states into infrared thermal
images have also been demonstrated (Baek et al., 2024), although this method is inherently

limited by indirect readout mechanisms and slow response times. Collectively, these studies
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Figure 5.1 Comparison of operating principles between (a) conventional polarimetric
imaging at visible and near-infrared wavelengths, and (b) the proposed intensity-based
multispectral THz polarimetric imaging approach

demonstrate the feasibility of THz polarimetric imaging for revealing polarization-dependent
material contrast and anisotropy beyond conventional amplitude-based THz imaging (L1 et al.,
2023), yet remain largely dependent on coherent detection or indirect reconstruction. More
recently, intensity-based THz systems employing frequency-selective surfaces (FSS) have
enabled real-time multispectral measurements without mechanical delay lines (Carelli et al.,
2012; Sebastian et al., 2026); however, these implementations are limited to spectral intensity
detection and lack polarization sensitivity. The integration of polarization-sensitive frequency-
selective surfaces (PS-FSS) offers a promising route toward simultaneous frequency- and
polarization-selective THz detection in the intensity domain (Ahmad et al., 2025). In our
previous work, we demonstrated a proof-of-concept single-frequency (0.41 THz) intensity-
based polarimetric system (Ahmad et al., 2025), though with limited SNR. However,
multispectral polarimetric imaging, as well as quantitative DoLP/AoLP reconstruction and

birefringence retrieval using intensity-only detection, have not yet been realized.
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In this work, we present a compact, intensity-only THz polarimetric spectrometer (TPS) that
enables multispectral extraction of the Stokes parameters without coherent detection or
mechanical delay stages. As illustrated in Fig. 5.1(b), the system integrates a set of frequency-
selective polarizers into a metallic chopper wheel comprising sixteen sectors corresponding to
four frequency bands and four analyzer orientations (0°, 45°, 90°, and 135°), allowing
intensity-based retrieval of So, S1, and S>. The performance of the TPS is validated through
polarization-resolved measurements of a 1 mm thick stacked quartz crystal, from which
frequency-dependent Stokes parameters, DoLP, AoLP, and birefringence are quantitatively
retrieved. We further demonstrate the extension of this approach to raster-scanned THz
polarimetric imaging using double-layer stacked quartz crystals arranged in co-axial and cross-
axial configurations, where reconstructed Stokes maps, DoLP, and AoLP images reveal
distinct polarization contrasts associated with parallel and orthogonal optical-axis alignments.
To provide independent validation, visible-wavelength Stokes imaging is performed on the
same samples using a polarization camera, and the agreement between the visible and THz
results confirms the robustness of the proposed intensity-based multispectral polarimetric
framework and illustrates the continuity of polarization-dependent material contrast from the
visible to the THz regime. All experimental results are further supported by numerical
simulations, showing consistent agreement with the measured polarization response across the

investigated frequency range.

5.4 Polarization-sensitive FSS chopper wheel

To develop a multispectral polarimetric spectrometer, we integrate polarization discrimination
and frequency selectivity within a single device. This is achieved using polarization-sensitive
frequency-selective surface geometries, enabling selective transmission as a function of both
polarization state and operating frequency. This behavior contrasts with that of conventional
broadband polarizers and has been previously demonstrated in our earlier work (Ahmad et al.,

2026).

Building on this established design, we implement PS-FSSs based on rectangular slot arrays,
integrated into a rotating chopper wheel. A photograph of the fabricated device is shown in

Fig. 5.2(a). The chopper wheel comprises sixteen PS-FSS sectors, formed by combining four
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Figure. 5.2 (a) Photograph of fabricated PS-FSS chopper wheel; (b) microscopic
images of PS-FSS of 0°, 45°, 90° and 135° orientation respectively; and (c)
normalized transmission of PS-FSS (¢=440 um, b=c=55 pm, and d= 330 pm) for
horizontal (0°), 45°, vertical (90°) and 135° polarization. Inset figure demonstrates
the schematic of PS-FSS with representation of design parameters (a, b, ¢, and d)

distinct peak center frequencies with four polarization orientations (0°, 45°, 90°, and 135°).
These orientations enable intensity-based retrieval of the Stokes parameters (So, Si, and S>) at
each operating frequency. In addition, two sectors are reserved as open and blocked apertures
to measure reference and noise signals, respectively. The PS-FSS chopper wheel was
fabricated from 125 pm-thick stainless steel using laser micromachining (LPKF ProtoLaser
U3). Microscopic images of the PS-FSS unit cells at polarization orientations of 0°, 45°, 90°,
and 135° are shown in Fig. 5.2(b)(i-1v). The geometrical parameters of the rectangular slot
array include the slot length a, slot width b, and the periodic spacings ¢ and d along the

horizontal and vertical directions, respectively.

We used TOPTICA TeraFlash Pro, a commercially available THz-TDS system, to
experimentally characterize the PS-FSS in terms of peak center frequency and normalized
transmission. Normalized transmission (NT) could be calculated as follows (Ahmad et al.,

2024):

T
NT = =mele (5.1)

I,

where Tsample and Trer are the spectral amplitudes of the analyzed sample and without the sample

(air) as a reference, respectively.
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Figure 5.2(c) shows the normalized transmission, referenced to air, for polarization angles of
0°, 45°,90°, and 135° for a representative PS-FSS with slot length @ = 440 pm, slot width b =
55 um, horizontal gap ¢ = 55 um, and vertical gap d = 330 um. For 0° polarization, where the
incident electric field is perpendicular to the long axis of the rectangular slots, the structure
exhibits a band-pass response with a peak transmission at a center frequency f=0.37 THz. In
addition to the dominant passband, a weak residual transmission is observed at higher
frequencies. For wvertical polarization (90°), the PS-FSS suppresses transmission to
approximately 1% across a broad spectral range, demonstrating strong polarization
discrimination. At intermediate polarization angles (45° and 135°), the transmission spectra
are nearly identical, with peak transmission reduced to approximately 50% of that observed at

0°.

Notably, while the transmitted amplitude at the center frequency varies with polarization angle
according to Malus’ law, the peak center frequency remains invariant with respect to rotation.
This behavior indicates that polarization rotation modulates the transmission amplitude
without altering the resonant response of the PS-FSS, confirming its operation as a frequency-
selective polarizer with high polarization selectivity. To enable multispectral operation, three
additional PS-FSS designs were implemented by varying the slot length (700 pm, 500 um, and
400 pm) and proportionally scaling the slot width and periodic gaps, yielding center
frequencies of 0.23 THz, 0.33 THz, and 0.41 THz, respectively. Each PS-FSS was integrated

into the rotatable chopper wheel at four polarization orientations (0°, 45°, 90°, and 135°).

5.5 Frequency-selective THz polarimetric system

Figure 5.3 provides an overview of the experimental setup, signal-processing workflow, and
measurement configurations of the proposed frequency-selective THz polarimetric system. As
shown in Fig. 5.3(a), THz radiation is generated using a photoconductive antenna (PCA) (THz-
P-Tx: RTP220468B, TOPTICA Photonics) driven by a femtosecond fiber laser operating at
1560 nm wavelength, with an 80 fs pulse duration, 80 MHz repetition rate, and 30 mW average
optical power. The emitted THz beam is collected and focused onto the sample using two off-
axis parabolic mirrors (M1 and M2). The incident polarization is fixed to horizontal and

purified using a wire-grid polarizer placed immediately before the sample. The transmitted
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Figure 5.3 (a) Schematic of the experimental setup; (b) data acquisition and
processing module, illustrating real-time FFT analysis used to extract polarization-
dependent spectral amplitudes; (c) system configurations: (i) polarimetric
spectrometer and (ii) polarimetric imaging system, showing raster-scanning
implementation for spatially resolved Stokes parameter retrieval and the
corresponding degree and angle of linear polarization (DoLP and AoLP) mapping

signal is detected using a Schottky diode detector (3DL 12C LS2500 A2 from ACST), with a
spherical silicon lens used to improve coupling efficiency. The combined PCA emission
spectrum and detector responsivity fully cover the four operating frequency bands of the PS-
FSSs (Appendix A, Fig. A5.1). The detected THz signal is amplified using a Mini-Circuits
ZFL-2000GH+ broadband amplifier and digitized with a 14-bit Acqiris SA240P high-speed
acquisition card operating at 4 GS/s. This high sampling rate enables the extraction of the
periodic response at the 80 MHz modulation frequency and its harmonics well above the low-

frequency noise floor.

The acquisition cycle is set by the chopper rotation period (10 ms). Each cycle generates
approximately 500 MB of data, which are processed into 18 slot-resolved values, reducing the
dataset to only a few kilobytes. In practice, system-level overheads such as data transfer and
processing result in an acquisition time of ~0.5 s, with an additional ~0.3 s required for fast
Fourier transform (FFT)-based analysis, yielding a total latency of ~0.8 s. Further reductions
could be achieved through continuous acquisition and batch processing implemented directly

on the FPGA of the ADC card. Despite longer acquisition and processing times, the
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measurement itself is completed within 10 ms, preserving real-time capability for

spectroscopic applications.

As illustrated in Fig. 5.3(b), time-domain voltage traces are transformed into the frequency
domain using a fast Fourier transform (FFT), yielding a comb of spectral peaks at the repetition
frequency and its harmonics. Harmonic amplitudes exceeding a predefined noise threshold are
retained and summed to enhance the signal-to-noise ratio (SNR), producing normalized
intensity values for each PS-FSS slot and analyzer orientation. These intensity channels (/o,
145, Ioo, and I135) are used to compute frequency-dependent Stokes parameters (So, Si, and S2)
and derived polarization metrics, including the degree and angle of linear polarization (DoLP

and AoLP).

As shown in Fig. 5.3(c), the system operates in two measurement configurations. In the
polarimetric spectrometer mode, the sample is mounted on a rotation stage at the focal plane
to measure polarization-resolved transmission as a function of orientation. In the polarimetric
imaging mode, the sample is raster-scanned using a motorized XY translation stage (Zaber X-
MCB2), enabling spatially resolved acquisition of the Stokes parameters and corresponding
DoLP and AoLP maps. In both configurations, a rotating PS-FSS chopper wheel positioned
directly in front of the detector provides simultaneous multispectral and polarization-resolved
modulation. The 4-inch diameter wheel, driven by a Thorlabs MC2000B controller, provides
four analyzer orientations (0°, 45°, 90°, and 135°) at each frequency band, enabling real-time

polarimetric readout within a single wheel rotation.

5.5.1 Spectral extraction and SNR analysis

Figure 5.4 illustrates the signal-processing performance and noise characteristics of the
detection scheme. Figure 5.4(a) shows a representative time-domain voltage trace acquired
over a single PS-FSS slot, along with a zoomed-in view highlighting the periodic modulation.
The corresponding FFT magnitude spectrum (Fig. 5.4(b)) exhibits discrete harmonic peaks at
integer multiples of the 80 MHz repetition frequency, extending up to 2 GHz. Noise
performance was evaluated by varying the number of averaged acquisitions. As shown in Fig.

5.4(c), the mean noise level remains approximately constant at ~24 counts, while the standard



140

deviation decreases from ~10 counts at N=2 to ~6 counts at N=10, indicating a stable baseline
and consistent performance of the Schottky—amplifier—ADC detection chain. The resulting

noise floor for ten averages is shown in Fig. 5.4(d).

To quantify signal visibility above the noise floor, the amplitude contrast (AC) is defined as

M
Z (Az - ynnise‘. )
AC =20log, =——— (5.2)
Where A4; denotes the amplitude of the i-th harmonic component, M is the number of harmonics
considered, and unoise and onoise represent the mean and standard deviation (SD) of the noise

floor, respectively.
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Figure 5.4 (a) Representative time-domain voltage waveform and (b)
corresponding FFT magnitude spectrum of the reference slot; (¢c) mean value and
standard deviation of the noise level as a function of the number of averaged
records, demonstrating the stability of the acquisition system; (d) FFT magnitude
noise floor measured in the absence of a THz signal; (e) amplitude contrast for the
reference slot and for the four operating center frequencies (f1=0.23 THz, £>=0.33
THz, /3=0.37 THz, and f4=0.41 THz)
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Figure 5.4(e) shows the amplitude contrast for the reference slot and the four PS-FSS frequency
bands. The reference slot exhibits a maximum contrast of 97 dB, while PS-FSS slots at 0°
orientation yield contrast values between 81 dB and 87 dB across the 0.23-0.41 THz range,

demonstrating high sensitivity and excellent measurement repeatability.

Although the system does not directly measure the temporal electric-field waveform, the
intensity-modulated response provided by the PS-FSS wheel enables robust reconstruction of
polarization-dependent transmission as a function of frequency and orientation. This approach
enables real-time multispectral THz polarimetric spectroscopy and imaging without the

complexity of coherent THz time-domain systems.

5.6 Polarimetric spectrometer

To evaluate the functionality of the proposed polarimetric spectrometer, an x-cut quartz crystal
was investigated through both simulation and experiment. Although the system employs a
single fixed input polarization state, polarization analysis is achieved using four discrete
analyzer orientations (0°, 45°, 90°, and 135°), while the detector records intensity only. Under
these conditions, the Jones-matrix formalism provides a physically rigorous description of the
phase retardation between the ordinary and extraordinary axes of the birefringent medium,
governing the evolution of AoLP as the sample is rotated. This framework is therefore well-
suited for predicting polarization-dependent observables from intensity-only, multispectral
measurements obtained using the rotating PS-FSS wheel and Schottky diode detector. Details

of the simulation model are provided in appendix B.

5.6.1 Stokes parameter reconstruction

The polarization state of the transmitted THz wave is described using the Stokes formalism.
The Stokes parameters So, S1, and S> were computed from the measured intensities at the four

analyzer orientations according to standard definitions (Raffoul et al., 2022):
S, =1,+1,, (5.3)

S =1,—1I, (5.4)
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where /o, 145, Ioo and 135 denote the measured intensities at analyzer angles of 0°, 45°, 90°, and
135°, respectively. Since the system is sensitive only to linear polarization, the circular

polarization component S3 cannot be retrieved. From the Stokes parameters, the degree and

S2

= 145 _1135

angle of linear polarization are defined as (Raffoul et al., 2022):
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Figure 5.5 Simulation results: (a) AoLP as a function of sample rotation angle
for a 1-mm-thick sample with varying birefringence at 0.41 THz; (b) simulated
AoLP variation as a function of frequency and birefringence for a 1-mm-thick

sample; (c) simulated AoLP map as a function of operating frequency and
sample rotation angle. Experimental results: (d) normalized intensities measured
at analyzer orientations of 0°, 45°, 90°, and 135° at f.=0.37 THz for 1-mm-thick

stacked quartz sample; (e) measured AoLP at four center frequencies (0.23,
0.33, 0.37, and 0.41 THz) as a function of quartz rotation angle from 0° to 90°;
(f) peak-to-peak AoLP variation at the four center frequencies (left axis) and the

corresponding frequency-dependent birefringence of a 1-mm-thick stacked
quartz sample (right axis)
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5.6.2 Simulation results

In the simulations, the sample rotation angle 6; was varied from 0° to 90°, while the
birefringence An was swept from 0.02 to 0.1 for a 1-mm-thick sample at a center frequency of
0.41 THz. As shown in Fig. 5.5(a), increasing birefringence leads to a systematic increase in
the peak-to-peak AoLP variation (AaoLp), With two extrema appearing near 22.5° and 67.5°.
The corresponding frequency-dependent behavior of AaoLp over the 0.2-0.45 THz range is
shown in Fig. 5.5(b), confirming that AoLP evolves jointly with frequency and birefringence
due to frequency-dependent phase retardation. The combined dependence of AoLP on
operating frequency and sample rotation angle for a 1-mm-thick quartz sample is summarized

in Fig. 5.5(c), where higher frequencies yield stronger AoLP modulation.

To further assess thickness effects, a comprehensive Jones-matrix simulation was performed
for a fixed birefringence of An=0.05, while sweeping the sample rotation angle (0-90°),
thickness (0.1-4 mm), and frequency (0.10-0.40 THz). The results (Fig. A5.2(i—iv)) show that
increasing thickness produces proportionally larger phase retardation and stronger AoLP
modulation, while higher frequencies shift the AoLP response smoothly across the full angular
range. These trends highlight the coupled influence of thickness and frequency on THz

birefringence measurements.

5.6.3 Experimental validation

Experimentally, a 1-mm-thick stacked quartz sample (15 mm X 15 mm) was mounted on a
precision rotation stage and measured in 10° increments (Fig. 5.3(c)(i)). For each orientation,
intensity measurements were recorded at four center frequencies (0.23, 0.33, 0.37, and 0.41
THz) and four analyzer orientations. Representative normalized intensity traces /o, 145, oo, and
L35 at fc=0.37 THz are shown in Fig. 5.5(d). Each channel exhibits the expected modulation
arising from the evolving projection of the rotated polarization state onto the analyzer axes. In
particular, the /45 and /135 traces intersect near 50% normalized intensity at approximately 45°

intervals, consistent with the symmetry of +45° analyzer projections.

Notably, the Schottky detector incorporates a broadband log-spiral antenna that is intrinsically

sensitive to both orthogonal linear polarization components. This dual-polarization sensitivity
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results in a measurable modulation of the /oo channel as the quartz plate is rotated, reflecting

the combined influence of the evolving polarization state and detector response.

Using the measured intensity values, the Stokes parameters were calculated using Egs. (5.3)—
(5.5), normalized by So, and the AoLP was subsequently extracted using Eq. (5.7). As shown
in Fig. 5.5(e), rotation of the sample produces a periodic AoLP modulation with two extrema
of opposite sign over a 90° rotation period. The peak-to-peak AoLP variation increases

monotonically with frequency (Fig. 5.5(f), left axis), in agreement with the simulation results.

5.6.4 Birefringence retrieval

To quantitatively extract the birefringence of the quartz sample, an optimization-based fitting
procedure was implemented using the measured AaoLp values at the four operating frequencies
and the known sample thickness. A Jones-matrix forward model was used to simulate the
AoLP response as a function of rotation angle, and a direct-search algorithm minimized the
discrepancy between simulated and experimental Aaorp. The retrieved frequency-dependent
birefringence values are shown in Fig. 5.5(f) (right axis), yielding an average birefringence of
approximately An = 0.06 over the 0.23-0.41 THz range. These values are consistent with
independent THz-TDS measurements and reported literature values (Castro-Camus et al.,
2006). A small residual discrepancy on the order of ~5x107 is attributed to alignment

tolerances, finite polarization purity, and interface-induced depolarization effects.

Potential strategies to minimize or compensate for these offsets, including improved alignment
procedures, the use of narrow band-pass filters, and depolarization correction, are briefly

discussed in section 5.8 (Future Perspectives).

5.7 Polarimetric imaging

Subsequently, we performed a comparative investigation of Stokes-based imaging in both
visible and THz ranges using intensity-only detection. In both cases, stacked quartz samples
consisting of two 0.5 mm-thick plates were investigated. Two sample configurations were
investigated based on the relative orientation of the birefringent crystal fast axes with respect

to their slow axes: a co-axial configuration with aligned fast axes and a cross-axial
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configuration with orthogonal fast-axis orientations. Sample rotation was used to probe the

resulting polarization-dependent behavior in both the visible and terahertz spectral domains.

5.7.1 Visible polarimetric camera

The experimental configuration of the visible polarimetric imaging system is shown in Fig.
5.6(a). A commercially available polarization camera (Alkeria CELERA P series) was used to
acquire Stokes-resolved images of the stacked quartz samples. Each super-pixel consists of
four sub-pixels with integrated linear polarizers oriented at 0°, 45°, 90°, and 135°, enabling
simultaneous acquisition of polarization-resolved intensities and reconstruction of the Stokes
parameters, as well as derived quantities such as DoLP and AoLP (Guiramand et al., 2024).

The effective output resolution after super-pixel processing is 1232 x 1028 pixels.

The samples were illuminated using a continuous-wave 516 nm laser. A spatial filter was
placed at the Fourier plane of the beam to ensure a uniform illumination profile, and a linear
polarizer was positioned before the sample to define the incident polarization state. The sample
was mounted on a rotation stage, allowing measurements at different azimuthal orientations 6s
to evaluate the angular dependence of the Stokes parameters. Due to the sample dimensions

exceeding the active sensor area, the recorded images correspond to a portion of the sample.

Figure 5.6(b) presents the measured DoLP maps for co-axial and cross-axial stacking
configurations at sample orientations of 6s = 0° and 45°. For the co-axial configuration, high
DoLP values approaching unity are observed at 6 = 0°, while a pronounced reduction in DoLP
occurs at 65 = 45°, consistent with polarization transformation induced by accumulated
birefringent phase retardation (Fig. 5.6(b)(i—ii)). In contrast, the cross-axial configuration
exhibits consistently high DoLP across both orientations, reflecting partial cancellation of the
birefringent phase retardation and confirming theoretical expectations (Fig. 5.6(b)(iii—iv)).
These results demonstrate the sensitivity of Stokes-based imaging to the relative orientation of

anisotropic layers.

The corresponding AoLP maps at 516 nm for the co-axial configuration at s = 0° and 45° are
shown in Fig. A5.3(a)(i—i1), while those for the cross-axial configuration are presented in Fig.

AS5.3(a)(iii-1v). The largest AoLP variations are observed for 6 = 45°, indicating enhanced
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Figure 5.6 (a) Experimental setup for visible-wavelength Stokes polarimetric
imaging at 516 nm using a polarization camera. PBS denotes a polarizing beam
splitter. (b) Measured DoLP maps of stacked quartz for co-axial fast-axis
orientation at analyzer angles of (i) 0° and (i1) 45°, and for cross-axial fast-axis
orientation at (iii) 0° and (iv) 45°

interaction between the incident polarization and the birefringent axes of the stacked quartz.

These experimental observations are further corroborated by numerical simulations shown in

Fig. A5.3(b).

5.7.2 Multispectral polarimetric THz imaging

THz polarization-resolved imaging was subsequently performed at the selected center
frequencies using the PS-FSS analyzer. The same stacked quartz sample was investigated, and
raster scanning was carried out with a step size of 1 mm. For raster scanning, the quartz samples

were placed on a holder incorporating a thin, THz-transparent plastic membrane with
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negligible impact on transmission. Measurements were conducted for both co-axial and cross-
axial stacking configurations. Representative Stokes So maps acquired at 0.23 THz for sample
orientations of s = 0° and 45° under co-axial alignment are shown in Fig. 5.7(a)(i-ii), with the
corresponding DoLP distributions presented in Fig. 5.7(a)(iv—v). The SO images primarily
reflect the sample geometry and orientation, while the DoLP maps reveal pronounced
polarization-dependent contrast. In particular, a reduction in DoLP at 6s = 45° is observed for
the co-axial configuration, consistent with birefringent phase retardation and in good

agreement with numerical simulations (Fig. A5.4(a-b)).

A direct comparison between co-axial and cross-axial configurations, shown in Fig. 5.7(a)(ii—
ii1), further highlights this distinction. While the corresponding SO images appear similar, their
DoLP maps (Fig. 5.7(a)(v—vi)) exhibit clear differences, demonstrating the ability of the
proposed system to discriminate optical-axis alignment through polarization-sensitive contrast.
The extracted AoLP maps for three representative cases, namely co-axial stacking at s = 0°
and 45°, and cross-axial stacking at 6; = 45°, are shown in Fig. 5.7(a)(vii—ix). Across the
interior of the quartz crystal, the AoLP remains close to 0°, consistent with theoretical
expectations and simulations (Fig. A5.4(c—d)), while localized deviations are observed near

the sample edges due to depolarization and finite spatial resolution.

Figure 5.7(b) presents corresponding polarization-resolved images acquired at 0.33 THz.
Similar trends are observed at this frequency, with So maps remaining largely invariant across
configurations, while DoLP and AoLP maps continue to exhibit polarization-dependent
contrast associated with birefringence and sample orientation. Comparable Stokes, DoLP, and
AoLP images were also obtained at center frequencies of 0.37 THz and 0.41 THz (not shown),

demonstrating the multispectral capability of the proposed THz polarimetric imaging system.

To quantitatively assess the polarimetric performance, line profiles were extracted from the
raster-scanned DoLP and AoLP maps at 0.23 THz, as shown in Fig. 12 (Appendix F). For the
stacked quartz samples, the DoLP in the cross-orientation configuration is theoretically
expected to be unity. Experimentally, the deviation (A) in the quartz region remains within A
~ 1x10-3 (see Fig. 12(i1)), indicating near-ideal polarization behavior within the measurement

uncertainty. Slightly larger deviations (up to A = 2x10-2) are observed at the quartz—plastic
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Figure 5.7 Polarization-resolved THz images of the stacked quartz sample at (a)
0.23 THz and (b) 0.33 THz. Panels (i—iii) show the reconstructed Stokes So for (i)
0° co-axial, (i1) 45° co-axial, and (iii) 45° cross-axial sample orientations. Panels
(iv—vi) present the corresponding DoLLP maps, while panels (vii—ix) display the
extracted AoLP maps. The images reveal distinct polarization-dependent contrast
between co-axial and cross-axial configurations, with localized variations in DoLLP
observed near the sample edges

interface, where the combined influence of scattering effects and spatial averaging within the
measurement spot becomes more pronounced. These effects are present in both orientation
configurations but are more evident near material boundaries due to the transition between
adjacent regions. In the co-orientation configuration, a strong contrast is expected, and an
experimental contrast of approximately 0.15 is observed in the quartz region, as illustrated in

Fig. 12(1v).

For both co- and cross-orientation configurations of the stacked quartz samples at 6, = 45°, the
AoLP is expected to be 0°, as shown in Appendix E (Fig. 11). The measured AoLP variation
remains within +1° in the quartz region (see Fig. 12(vi, viii)), confirming low background
polarization noise and good angular stability. Minor variations within the quartz region can
also be attributed to slight thickness non-uniformity of the samples. More pronounced

variations are observed at the quartz—plastic interface, primarily due to boundary effects, where
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localized polarization distortion occurs. Overall, these results demonstrate that the proposed

system achieves strong polarimetric contrast while maintaining good quantitative accuracy.

Although stacked quartz is employed here as a representative birefringent sample for proof-of-
concept validation, the demonstrated methodology is broadly applicable to polarization-
resolved THz imaging of anisotropic materials. By eliminating the need for coherent detection
and mechanical delay stages, the proposed compact, intensity-based framework provides a
practical route toward multispectral THz polarimetric imaging for material characterization

and nondestructive inspection.

5.8 Future perspectives

Due to the wideband nature of the band-pass filters employed in the present system, the
extracted birefringence represents a weighted average over the filter bandwidth rather than a
strictly monochromatic value at the center frequency. Future implementations could improve
frequency specificity by employing narrower band-pass filters with sharper spectral roll-off
and by increasing the number of operating frequency channels, thereby reducing dispersion-

induced averaging effects and enhancing measurement accuracy.

In intensity-based, frequency-selective THz systems using band-pass filters, Fabry—Pérot
reflections are inherently suppressed for thin samples such as the 0.5-1 mm quartz crystals
investigated here, owing to the weak amplitude of internal echoes. For thicker samples,
however, multiple reflections may introduce measurable distortions. Incorporating Fabry—
Pérot effects into the numerical modeling and signal processing framework represents a
promising route to compensate for such artifacts and improve quantitative accuracy in future

studies.

While the current system operates up to 0.41 THz, further optimization of the polarization-
sensitive frequency-selective surface (PS-FSS) design could extend the accessible frequency
range. The Schottky detector employed in this work remains operational up to approximately
1.0 THz, supporting the feasibility of broader spectral coverage. In addition, emerging CMOS-

based THz receiver technologies offer a promising alternative for broadband applications
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(Ahmad et al., 2025b), particularly where large-area integration and system scalability are

desired.

Finally, extending the simulation framework to explicitly account for depolarization effects
arising from complex field interactions, particularly at lower frequencies, could further
improve birefringence estimation accuracy and interpretation of polarization-resolved THz

images.

5.9 Conclusion

We have developed a compact, multispectral THz polarimetric spectrometer and imaging
system based on frequency-selective polarizers integrated into a rotating chopper wheel,
enabling fast, intensity-only polarization detection without coherent probe beams or
mechanical delay lines. The proposed system enables retrieval of the birefringence of quartz
in agreement with established literature values and demonstrates raster-scanned THz
polarimetric imaging with distinct DoLP and AoLP contrast for co-axial and cross-axial crystal
orientations. By reconstructing Stokes parameters directly from intensity measurements, this
approach avoids phase-resolved detection while improving system compactness, robustness,
and experimental simplicity. Overall, the demonstrated platform provides a promising pathway
toward practical intensity-based THz polarimetric spectroscopy and imaging for material

characterization and non-destructive evaluation.

5.10 Appendix-A: THz emitter characterization and reference birefringence
measurement

The THz emitter based on a PCA was characterized using a commercial THz-TDS system
(TOPTICA TeraFlash Pro), with both emission and detection performed using PCA modules.
As shown in Fig. A5.1(a) (left axis), the emitter exhibits a broadband spectral response with a
peak centered near 0.35 THz. The normalized responsivity of the Schottky diode detector,
shown on the right axis of Fig. A5.1(a), reaches its maximum around 0.1 THz and gradually

decreases toward higher frequencies.

In addition, the birefringence of the stacked quartz sample (total thickness of 1 mm) was

independently determined using the same THz-TDS system as a reference measurement. From
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the time-domain data, the refractive index »n and birefringence An were extracted according to

Egs. (8) and (9) (Jepsen, 2019):

cA¢

=t

(5.8)

An=n,—n, (5.9)

where ¢ is the speed of light, f'is the frequency, and d denotes the thickness of the birefringent
sample. The terms 7. and n, correspond to the extraordinary and ordinary refractive indices,
respectively, and A¢ represents the phase retardation between orthogonal polarization

components, defined as Ag = ¢x — ¢y.

Figure AS5.1(b) shows the frequency-dependent birefringence of the x-cut stacked quartz
crystal over the 0.1-1 THz range. The inset of Fig. A5.1(b) displays the corresponding phase

retardation as a function of frequency for the same sample.
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Figure A5.1 (a) Normalized emission spectrum of the THz photoconductive
antenna (left axis) and normalized responsivity of the Schottky diode detector
(right axis), showing the broadband spectral overlap between the emitter output
and detector sensitivity. (b) frequency-dependent birefringence of a 1 mm thick
stacked quartz crystal obtained from THz-TDS. The inset shows the corresponding
phase retardation as a function of frequency for the same sample
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5.11 Appendix-B: Jones-matrix model for polarization evolution in a birefringent
sample

The polarization evolution of a linearly polarized THz wave propagating through a birefringent
material can be described using the Jones-matrix formalism. When the birefringent sample is
rotated by an angle 6 with respect to the laboratory reference frame, the effective Jones matrix

of the system is given by (Barakat, 1998; Menzel et al., 2015):

Jmtated (0) = R(@) J

sample

R(-6) (5.10)

where R(6) and R(-0) are the rotation and inverse rotation matrices, respectively. These

matrices are expressed as

R(6) = cosd —sind 5.11)
| sin@ cos@ '
R(-0) = cosf sinf (5.12)
| =sin@ cos6 '
The Jones matrix of the birefringent sample itself is written as.
A4
e’ 0
"]Sample = —iAf(ﬁ (5 1 3)
0 e ?

where A¢ is the birefringence-induced phase retardation between the ordinary and

extraordinary polarization components. This phase retardation is given by:

_ 2rfdAn
c

A (5.14)

where frepresents the frequency, d is the sample thickness, An denotes the birefringence, and

¢ corresponds to the speed of light.

The transmitted electric field after propagation through the rotated birefringent sample is

obtained as (Neshat & Armitage, 2012; Singh et al., 2025):
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E =J

out rotated *~in

(5.15)

where Ei, represents the incident electric field vector.

Polarization analysis is performed using a linear analyzer oriented at an angle a. The

corresponding Jones matrix is given by:

cos’(ax) cos(a)sin(«) (5.16)
cos(a)sin(a) sin*(x) '

Janalyzer (a) = |:

The electric field transmitted through the analyzer is therefore

E((Z) - ']a (a)Eout (5 1 7)

nalyzer

and the detected intensity is calculated as

[(@)=|E(@) (5.18)

5.12 Appendix-C: Simulated AoLP response as a function of thickness and
frequency

To gain further insight into the evolution of birefringence-induced phase retardation, numerical
simulations were performed to evaluate the AoLP response of a birefringent sample with a
fixed birefringence of An = 0.05 over a broad range of sample thicknesses and operating
frequencies. The resulting AoLP distributions, shown in Fig. A5.2(i-iv), illustrate how the
AoLP depends on the accumulated phase difference between the ordinary and extraordinary
field components. As both frequency and thickness increase, the phase retardation becomes
more pronounced, leading to stronger AoLP variations as a function of sample rotation angle.
These simulations demonstrate that even modest changes in birefringence or propagation

length can produce measurable AoLP variations, highlighting the sensitivity of AoLP-based
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Figure A5.2 Simulated AoLP as a function of sample thickness and rotation
angle for distinct operating frequencies: (i) 0.1 THz, (ii) 0.2 THz, (iii) 0.3 THz,
and (iv) 0.4 THz, illustrating the evolution of birefringence-induced phase
retardation with both thickness and frequency

measurements to birefringent phase accumulation and supporting its use for qualitative

assessment of polarization effects in anisotropic materials.

5.13 Appendix-D: Visible-wavelength AoLP imaging and simulation comparison

AoLP images of a 1 mm thick stacked quartz sample were acquired at 516 nm using a
polarimetric CCD camera, as shown in Fig. A5.3(a). As a reference, an initial AoLP image
was recorded without the sample, yielding an AoLP value close to 0°. Measurements were then
performed for both co-axial and cross-axial stacking configurations, with the sample oriented

at 6s = 0° and 45°.

For the co-axial configuration, a clear angular dependence of the AoLP is observed. At 6= 0°,
the measured AoLP remains close to 0°, whereas at 65 = 45°, the AoLP shifts toward higher
values approaching 90°, reflecting the accumulation of birefringence-induced phase
retardation in the aligned quartz plates. This behavior is characteristic of anisotropic

birefringent media and indicates a strong polarization-modulating response.

In contrast, for the cross-axial configuration, the AoLP remains approximately constant across
both rotation angles, indicating substantial suppression of the net birefringent effect due to the
orthogonal alignment of the optical axes. This response is consistent with the expected

cancellation of phase retardation in the cross-oriented stacking geometry.
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(a) AoLP at 516 nm of stacked quartz (using polarization camera) (b) Simulation results at 516 nm
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Figure A5.3 (a) Experimentally obtained AoLP maps at 516 nm for the stacked
quartz sample: (i—ii) co-axial orientation at 0°, and 45°, and (iii—iv) cross-axial
orientation at 0°, and 45°. (b) Corresponding simulation results showing AoLP as
a function of rotation angle for a 1 mm stacked quartz sample at 516 nm for both
co-axial and cross-axial orientation

Numerical simulations performed using a birefringence value of An = 0.009 (Ghosh, 1999)
reproduce the main trends observed experimentally. The corresponding simulated AoLP
response at 516 nm is shown in Fig. A5.3(b), demonstrating qualitative agreement with the
experimental measurements and supporting the interpretation of the visible wavelength

polarimetric results.

5.14 Appendix-E: Simulated DoLP and AoLP dependence on birefringence and
sample rotation

Numerical simulations were performed to investigate the dependence of the DoLP and the
AoLP on the sample rotation angle and birefringence at a center frequency of 0.41 THz. The
simulations considered two stacked birefringent plates, each with a thickness of 0.5 mm,

arranged in both co-axial and cross-axial configurations. The birefringence An was varied from

0.02t0 0.1.

Figure A5.4(a) shows the simulated DoLP response for the co-axial configuration. A
pronounced modulation of DoLP is observed as a function of rotation angle, with a minimum
occurring near 45°. The depth of this modulation increases with increasing birefringence,
indicating enhanced polarization sensitivity for stronger birefringent contrast. In contrast, for

the cross-axial configuration shown in Fig. A5.4(b), the DoLP remains close to unity across
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the full range of rotation angles, reflecting effective compensation of birefringent phase
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Figure A5.4 Simulated DoLP as a function of sample rotation
angle by varying birefringence in (a) co-axial and (b) cross-axial
configurations of two 0.5-mm-thick birefringent sample. The
corresponding AoLP responses as a function of rotation angle for
different birefringence values are shown in (¢) co-axial and (d)
cross-axial configurations

retardation due to the orthogonal alignment of the optical axes.

The corresponding AoLP simulations are presented in Fig. A5.4(c—d). For the co-axial
configuration (Fig. A5.4(c)), the AoLP exhibits a characteristic angular dependence, remaining
close to 0° at rotation angles of 0°, 45°, and 90°, while showing pronounced extrema near 22.5°
and 67.5°. The magnitude of these AoLP variations increases as the birefringence increases,
consistent with stronger phase retardation. In contrast, for the cross-axial configuration (Fig.

A5.4(d)), the AoLP remains approximately constant at 0° over all rotation angles and

birefringence values, indicating suppression of net polarization rotation.
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These simulations further support the interpretation of the experimental THz polarimetric
imaging results by illustrating the distinct DoLP and AoLP signatures associated with co-axial

and cross-axial birefringent stacking geometries.

5.15 Appendix-F: Line profile analysis of experimental polarimetric maps

To further illustrate the agreement between experimental and expected polarimetric responses,
representative line profiles extracted from the raster-scanned maps are presented in Fig. AS.5.
The profiles are taken along the indicated dashed line and capture the spatial variation across
the structured region. A consistent correspondence in the overall trend, characteristic features,
and relative contrast is observed, confirming that the reconstructed polarimetric quantities

follow the expected behavior.
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Figure A5.5 DoLP and AoLP imaging of stacked quartz at 0.23 THz. (i, iii) DoLP
maps and (i1, iv) corresponding line profiles extracted along the y-axis for cross-
and co-orientation, respectively, inset of (ii) presents a zoomed-in view of the
DoLP line profile along the y-axis; (v, vii) AoLP maps and (vi, viii)
corresponding line profiles for the same configurations
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CONCLUSION

This thesis has systematically investigated the design, fabrication, and application of FSS for
THz spectral and polarimetric control, with a particular emphasis on planar, reconfigurable,
and scalable architectures compatible with practical deployment. Across four interconnected
projects, the work demonstrates how engineered FSS geometries can enable tunable spectral
filtering, polarization modulation, and multi-spectral polarimetric imaging using compact and

intensity-based detection schemes.

As a first contribution, this thesis introduces and experimentally validates a mechanically
reconfigurable inductive metallic checkerboard FSS. By laterally shifting two identical
checkerboard layers, controllable tuning of the transmission spectrum was achieved without
altering the unit-cell geometry or introducing active components. The investigation further
revealed polarization-dependent effects arising from relative displacement, highlighting the
sensitivity of checkerboard-based FSS responses to geometric symmetry and alignment. This
work establishes a simple and robust method for achieving tunable THz filtering through

mechanical reconfiguration.

The second contribution introduces a Moiré-based reconfiguration technique applied to an
additively manufactured FSS to achieve mechanically reconfigurable spectral control. Through
controlled relative rotation of two identical FSS layers, the system exhibited tunable spectral
responses governed by Moir¢ interference. Analytical modeling, numerical simulations, and
experimental measurements collectively demonstrated that Moiré-based reconfiguration
provides a powerful and scalable approach for achieving spectral tunability while preserving
fabrication simplicity. This chapter further underscores the feasibility of printable and

additively manufactured FSS technologies for mass-producible THz devices.

As a third contribution, the focus shifts to polarization-sensitive FSS designs for
reconfigurability, where two distinct geometries a rectangular-slot FSS and an asymmetric C-
shaped FSS are fabricated using laser-cutting techniques and systematically characterized. The
results revealed fundamentally different polarization dependent reconfigurability mechanisms

associated with symmetric and asymmetric unit-cell designs. While the rectangular-slot FSS
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operated effectively as a frequency-selective polarizer, the C-shaped FSS enabled polarization-
dependent tunable band-pass behavior. This chapter demonstrates how geometric anisotropy

can be exploited to tailor polarization responses within specific THz frequency bands.

As a final contribution, this thesis concludes by integrating polarization-sensitive FSSs into a
compact, multispectral THz polarimetric imaging system based solely on intensity
measurements. By employing PS-FSS elements as combined spectral filters and polarization
analyzers, the proposed system enables fast and precise extraction of polarization metrics such
as the degree and angle of linear polarization without phase-resolved detection. Experimental
imaging of anisotropic samples confirmed strong polarization contrast across multiple discrete
frequencies, demonstrating the practicality of the approach for fast, robust, and industrially

relevant THz polarimetric imaging.

Collectively, the results presented in this thesis establish FSSs as versatile and powerful
building blocks for THz spectral and polarimetric systems. The demonstrated approaches
emphasize simplicity, mechanical reconfigurability, and fabrication scalability, offering clear
pathways toward low-cost, high-throughput, and application-driven THz devices. This work
contributes to advancing practical THz technologies by bridging fundamental electromagnetic

design with manufacturable solutions suitable for real-world deployment.
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RECOMMENDATIONS

The results presented in this thesis demonstrate the feasibility of compact, frequency-selective,
and polarimetric THz systems, as well as simplified detection architectures. Building on this
foundation, several research directions can be pursued to further enhance system performance,

scalability, and applicability across both industrial and scientific domains.

First, future work could explore the development of advanced anisotropic FSSs, particularly
C-shaped and rectangular-shaped unit-cell geometries. These asymmetric designs offer
enhanced polarization sensitivity, tunable resonance behavior, and stronger field confinement.
By exploiting geometric asymmetry and orientation-dependent resonances, such FSS

structures could enable improved transmission contrast, and tailored spectral responses.

Second, while this thesis primarily investigates a Schottky-based polarimetric spectrometer,
future systems could incorporate CMOS-based detectors with polarization-insensitive
architectures. When combined with polarization-selective FSS elements, CMOS detectors
could offer a low-cost, scalable alternative while maintaining polarimetric capability through
external modulation. Such an approach would leverage the advantages of CMOS technology
including integration, speed, and manufacturability without requiring polarization sensitivity

at the detector level.

Third, the use of narrowband frequency-selective polarizers represents an important
opportunity for improving measurement accuracy. Narrower spectral bandwidths would
reduce frequency averaging effects inherent in broadband detection, thereby enabling more
precise birefringence and anisotropy measurements. This would be particularly beneficial for

materials with strongly frequency-dependent polarization responses.

Fourth, although the proposed system demonstrates operation across up to four discrete
frequency bands, future implementations could significantly increase the number of accessible
frequencies. Advances in fabrication precision, optimized material selection, and improved

optical design such as enhanced beam collimation and spectral isolation could enable densely
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packed multi-band FSS architectures, facilitating richer multispectral polarimetric analysis

within a single compact platform.

Fifth, a potential extension of the proposed multispectral polarimetric THz system is the
adoption of single-pixel imaging techniques to eliminate raster scanning while maintaining
system simplicity. By combining structured illumination or coded frequency-selective masks
with intensity-based detection, spatial, spectral, and polarization information could be
computationally reconstructed using inverse modeling or compressed sensing approaches.
Such an implementation would enable compact, cost-effective polarimetric imaging without
the need for detector arrays, and could significantly improve acquisition speed for industrial

inspection applications.

Finally, while a high-speed data acquisition card was employed in this work to ensure precise
and reliable signal capture, future cost-optimized systems could replace this component with
audio-grade sound cards or other low-cost acquisition solutions. Such alternatives would
further reduce system cost and complexity, making the technology more accessible for
educational, industrial, and field-deployable applications, particularly where ultra-high

acquisition rates are not required.

Overall, these possible directions highlight the strong potential for continued development of
compact, low-cost, and scalable THz polarimetric systems, reinforcing the broader objective
of transitioning THz technologies from laboratory-based instruments toward practical, mass-

producible platforms.
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ANNEX I

FABRICATION AND CHARACTERIZATION OF PRINTED TERAHERTZ SPIRAL
ZONE PLATES

This annex is based on an extended version of the following published conference paper by
providing a more comprehensive theoretical description, additional numerical simulations, and
expanded experimental characterization: Redwan Ahmad, Léo Guiramand, Mariia
Zhuldybina, Xavier Ropagnol, Ngoc Duc Trinh, Chloé¢ Bois, and Frangois Blanchard "Printed
Terahertz Spiral Zone Plate for Vortex Beam Generation," 2023 48th International Conference

on Infrared, Millimeter, and Terahertz Waves (IRMMW-THz), Montreal, QC, Canada, 2023,
pp- 1-2.

Overview

This annex presents the design, fabrication, and characterization of printed THz spiral zone
plates (SZPs) for vortex beam generation. The work emphasizes the use of low-cost, scalable
printable electronics techniques to realize phase-engineered THz diffractive optics,
demonstrating the feasibility of mass-producible THz phase-control components. Vortex beam
generation is experimentally validated using a THz microbolometric camera operating in both
transmission and reflection modes, confirming effective wavefront manipulation through

printed metastructures.
1.1 Introduction

Optical and THz vortex beams carrying orbital angular momentum (OAM) exhibit a helical
phase structure that enables advanced wavefront control beyond conventional amplitude and
polarization modulation (Imai et al., 2014; Erhard et al., 2017). Such beams have attracted
growing interest for applications in imaging, beam shaping, and information encoding. In the
THz regime, however, the generation and characterization of vortex beams remain challenging

due to bulky optical components and limited fabrication options.

Among the various vortex-generating techniques, spiral zone plates offer a compact and

efficient solution by simultaneously enabling focusing and azimuthal phase modulation (Zhang
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et al., 2020; Gao et al., 2011). Their planar geometry makes them particularly attractive for
THz systems. Recent progress in printable electronics has further enabled the realization of
low-cost, large-area THz diffractive and phase-engineered structures using additive fabrication

techniques.

In this annex, printed THz spiral zone plates fabricated using scalable printable electronics
processes are investigated as a supplementary study on THz phase engineering. The SZPs are
experimentally characterized using THz imaging, including validation of vortex beam
generation in both transmission and reflection configurations with a THz microbolometric
camera. This annex supports the overall thesis objective by demonstrating the feasibility of
using printable electronics to realize planar THz devices for wavefront manipulation, further
highlighting the potential of scalable and low-cost fabrication techniques for mass-producible

THz functional components.

1.2 Simulation results

To investigate phase manipulation and vortex beam generation in the THz regime, a set of
spiral zone plates with different topological charges was designed. The structures were
engineered to operate at a target frequency of 0.36 THz and to produce a focused vortex beam
at a focal distance of 2.0 cm. By varying the topological charge, the influence of orbital angular
momentum order on the resulting vortex beam characteristics could be systematically

examined. The corresponding design schematics have been depicted in Fig. A I-1(a-c).

Each spiral zone plate was implemented within a square aperture of 3x3 cm? and realized on a
flexible polyethylene terephthalate substrate, selected for its mechanical robustness, low cost,
and compatibility with printable electronics fabrication processes. The planar and flexible
nature of the substrate enables scalable manufacturing and facilitates integration into compact

THz optical systems.

The phase profile of a spiral zone plate combines a focusing term with an azimuthal phase

modulation and can be expressed in polar coordinates (r,¢) as
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Figure-A I-1 (a) Graphical representation of the spiral zone plate designed
for topological charge /=1; (b—c) graphical representations of the spiral
zone plate corresponding to topological charges /=2 and 3, respectively;
and (d) focal length as a function of the operating frequency

SZP(r,p) = exp(il(p - Z;Zj j (A-I-1)

where / denotes the topological charge associated with the orbital angular momentum state, 4
is the incident THz wavelength, and f'is the designed focal length of the spiral zone plate. The
quadratic radial phase term produces focusing behavior analogous to a Fresnel zone plate,
while the azimuthal term introduces a phase singularity that gives rise to a vortex beam with a

characteristic on-axis intensity null.

This combined phase functionality allows spiral zone plates to simultaneously control the

spatial phase and angular momentum of THz waves using a single planar diffractive element,
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making them particularly attractive for compact and fabrication-tolerant phase-engineering

applications.

Numerical simulations were performed using the finite-difference time-domain (FDTD)
method implemented in Lumerical software to analyze the intensity and propagation
characteristics of the vortex beams generated by the spiral zone plates over a frequency range
from 0.2 to 0.8 THz. The simulations reveal a clear frequency-dependent focusing behavior,
whereby the focal length increases monotonically with increasing operating frequency (see
Fig. A I-1(d)). This trend is observed consistently for all analyzed topological charges,
indicating that the dispersive focusing behavior is an inherent property of the spiral zone plate

design rather than a function of the vortex order.

Following simulations were performed to investigate the amplitude and phase distributions
generated by the printed spiral zone plates at their designed focal plane for different topological
charges. For the case of /=1, the simulated amplitude distribution at the focal plane exhibits a
pronounced intensity null at the beam center, which is a characteristic signature of an optical
vortex carrying orbital angular momentum. Correspondingly, the phase distribution reveals a
single helical phase singularity, indicating a 2n phase winding around the beam axis, as shown
in Fig. A 1-2(a,d). This confirms that the printed SZP successfully imparts the intended spiral

phase profile to the incident THz wave.

Similar simulations were carried out for higher-order topological charges. For /=2, the phase
distribution displays two intertwined spiral phase arms, corresponding to a 4m phase
accumulation, while the associated amplitude distribution maintains a central intensity
minimum, as depicted in Fig. A I-2(b,e). In the case of /=3, three distinct spiral phase arms are
observed in the phase map, corresponding to a total azimuthal phase accumulation of 6w, with
the amplitude distribution again exhibiting a central null, as shown in Fig. A I-2(c,f). These
results demonstrate that the SZP design enables controlled generation of higher-order vortex

beams with increasing topological charge.

To further examine the focusing behavior of the SZP-generated vortex beams, the electric-field

amplitude distribution was analyzed along the propagation (z) direction over a range from 15
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Figure-A -2 (a—c) Simulated electric-field distributions of the spiral zone
plate for topological charges /=1, /=2 and /=3; (d—f) corresponding phase
distributions.

(g) Electric-field distribution along the propagation (z) axis from 15 to 25
mm, showing the focused vortex at approximately 20 mm

mm to 25 mm, as presented in Fig. A I-2(g). The results show a clear convergence of the vortex
beam, with the strongest field confinement occurring at approximately 20 mm, corresponding
to the designed focal length of the SZP. At this position, a well-defined focused vortex with a

central intensity null is observed, confirming both the focusing functionality and the

preservation of the vortex phase structure upon propagation.

Overall, these FDTD simulation results validate the effectiveness of the printed spiral zone

plates in simultaneously achieving phase modulation, vortex beam generation, and focusing in
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the THz regime, and provide a solid theoretical foundation for the experimental demonstrations

presented in this annex.
L3 Fabrication and experimental results

The spiral zone plates were fabricated using an industrial roll-to-roll (R2R) continuous press
combined with flexographic printing on a flexible substrate, employing a silver (Ag)
nanoparticle ink (PFI-600, NovaCentrix, Austin, TX, USA). Following printing, the SZPs were
dried using hot-air treatment at temperatures up to 100° C. The resulting printed structures
exhibited an electrical conductivity of 4.4x10° S/m. The thicknesses of the printed SZP pattern
and the PET substrate were 352 nm and 125 pm, respectively. Representative photographs of
the fabricated SZPs are presented in Fig. A 1-3(i-iii).

To characterize the fabricated spiral zone plates, the THz-SZP was placed in a collimated THz
beam with a diameter of approximately 2 inches, and the resulting intensity distributions were
measured at the focal plane using a bolometric THz camera (MICROXCAM-384i-THz). The
measurements were performed at the focal position f immediately downstream of the THz-
SZP. In this experimental setup, intense broadband THz pulses were generated using a lithium
niobate (LiNbQO3) crystal (Guiramand et al., 2022).

For each SZP sample, the corresponding vortex beam was recorded at its designed focal plane,

which depends on the operating frequency of the zone plate. Owing to the broadband nature of

(1) =1 (ii) (=2 (iii) /=3

-
@ )l

N

Figure-A I-3 Fabricated spiral zone plate based on flexography for (i) /=1, (i1) /=2 and
(ii1) /=3
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the THz source, a THz bandpass filter (BPF) (Ahmad et al., 2023) was introduced into the
beam path immediately after THz generation to spectrally select the desired frequency
component. The employed BPF had a center frequency of 0.36 THz with a bandwidth of 180
GHz. A schematic view of the experimental configuration is shown in Fig. A I-4(i). This
filtering step ensured that the experimentally observed focal behavior corresponded to the

simulated operating conditions.

Figures A I-4(ii—iv) present the experimentally measured field distributions in the xy plane at

the focal point in transmission mode for topological charges /=1, [=2 and /=3, respectively.
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Figure-A I-4 (i) Layout of the experimental setup for transmission-based
characterization of the spiral zone plate; (ii—iv) measured field distributions
obtained using a THz microbolometric camera for topological charges (ii) =1,
(ii1) [=2, and (iv) [=3. TPF stands for tilted pulse front technique
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The measured vortex patterns exhibit features consistent with the corresponding simulated
results shown in Fig. A 1-2, indicating good agreement between experiment and simulation.
Minor discrepancies between simulation and experiment can be attributed primarily to the
finite bandwidth of the THz source and filter, as well as fabrication tolerances inherent to the

printing process.

To further investigate reflection-based vortex beam generation using the spiral zone plate, the
experimental configuration was modified accordingly, and the THz microbolometric camera
was repositioned to record the reflected field, as illustrated in Fig. A 1-5(i). This rearranged
setup enables direct observation of the vortex beam formed upon reflection from the SZP,
providing an alternative measurement geometry to the transmission-based configuration

discussed earlier.

The experimentally obtained amplitude distribution measured with the THz camera in the
reflection mode is shown in Fig. A [-5(ii). The recorded field distribution exhibits a clear

intensity null at the beam center, which is a defining characteristic of vortex beams. The
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Figure-A I-5 (i) Layout of the experimental setup for reflection-based
characterization of the spiral zone plate; (ii) measured field distribution for
topological charge [=1 obtained using a THz microbolometric camera
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presence of this central null in the reflected configuration confirms that the SZP effectively
imparts the desired spiral phase profile under reflection, consistent with the behavior observed

in transmission.

These results demonstrate that the printed SZPs support vortex beam generation in both
transmission and reflection geometries, thereby extending their functional versatility. The
ability to operate in reflection as well as transmission provides a more comprehensive
framework for SZP-based THz wavefront engineering and may facilitate integration into

compact or folded THz optical systems.

1.4 Summary

This work demonstrates the feasibility of generating THz vortex beams using spiral zone plates
fabricated through printable electronics techniques. By combining numerical modeling with
experimental characterization using a THz imaging camera, the phase-engineering capability
of flexography-printed spiral zone plates is systematically validated. The results highlight
printable electronics as a scalable and cost-effective approach for producing large-area THz
diffractive optics and suggest potential integration of such phase-manipulating elements into

future THz systems for imaging, sensing, and wireless communication applications.
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ANNEX II

TERAHERTZ POLARIMETRIC SPECTROMETER USING CMOS DETECTOR

This annex is based on extended versions of the following two conference papers: R. Ahmad,
F. Blanchard, and R. Al Hadi, “Characterization and Polarization Sensitivity Analysis of
CMOS Terahertz Detector," Photonics North (PN), 2025; and R. Ahmad, X. Ropagnol, R. Al
Hadi, and F. Blanchard, “Terahertz Polarimetric Spectrometer Using CMOS Detector,”
International Topical Meeting on Microwave Photonics (MWP), 2025.

Overview

This annex presents a compact THz polarimetric spectrometer based on a CMOS detector with
a linearly polarized antenna, enabling polarization-sensitive detection. Unlike the Schottky-
based polarimetric spectrometer described in the main thesis, where the detector is
polarization-insensitive and polarization modulation is achieved using a polarization-sensitive
FSS wheel, the CMOS detector employed here provides intrinsic polarization selectivity. The
system operates at two discrete frequency bands and measures four linear polarization
orientations. Simulation results are first analyzed and subsequently validated using
experimental data. The primary objective of this annex is to evaluate the response of distinct
PS-FSS analyzer orientations using a polarization-sensitive detector and to examine the
resulting polarization behavior, thereby highlighting the differences between polarization-

sensitive and polarization-insensitive detection schemes.
I1.1 Introduction

Polarization-sensitive THz measurements provide valuable insight into the anisotropic and
birefringent properties of materials (Zhou et al., 2012; Castro-Camus et al., 2006). While the
main chapters of this thesis focus on a Schottky-diode-based THz polarimetric spectrometer
employing polarization-insensitive THz detector, an alternative approach based on
polarization-sensitive detection is explored here using a CMOS-based THz detector with a

linearly polarized antenna.
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As an initial step, the CMOS THz detector is characterized using a frequency-tunable
continuous-wave (CW) THz system to evaluate its response as a function of polarization angle.
This characterization establishes the intrinsic polarization sensitivity of the detector and
provides a foundation for its use in polarization-resolved measurements. Following this
analysis, the same CMOS detector is integrated into a compact multispectral THz polarimetric
spectrometer by incorporating a frequency-selective polarizer, enabling simultaneous spectral

and polarization discrimination within a simplified system architecture.

Unlike polarization-insensitive detectors, where polarization contrast is introduced exclusively
through external modulation elements, the CMOS detector employed in this work incorporates
a linearly polarized antenna, providing inherent polarization selectivity at the detection stage.
However, as in the Schottky-based polarimetric spectrometer, polarization-resolved
measurements are realized through the combined use of a PS-FSS wheel, which enables
controlled polarization and spectral discrimination. The primary objective of this study is to
evaluate the feasibility of extracting polarization-dependent responses, specifically through the
analysis of the PS-FSS analyzer orientations, using a polarization-sensitive CMOS detector,
and to examine the resulting polarization behavior across two distinct frequency bands.
Numerical simulations are first performed to analyze the expected response, followed by

experimental measurements that validate the simulated predictions.

The results discussed in this annex highlight the differences between detector-intrinsic and
externally modulated polarization sensitivity and demonstrate the potential of CMOS-based
THz detectors for compact, scalable, and cost-effective polarimetric spectrometer

implementations.
11.2 Characterization of CMOS THz detector

The CMOS THz detector investigated in this study was fabricated using standard silicon
technology. The detector architecture consists of differential NMOS detectors coupled to a
linearly polarized antenna, which is implemented within the back-end-of-line (BEOL) metal
stack. The antenna radiates through the silicon substrate and can be excited in different modes

depending on the incident polarization state. To enhance the effective collection efficiency, the



175

chip was mounted on a silicon lens, thereby increasing the effective collection angle and optical
throughput of the detector. In addition, a baseband amplifier was integrated on-chip to amplify

the detected signal and facilitate interfacing with the data acquisition system (Hadi et al., 2019).

The layout and image of the experimental setup used for detector characterization is illustrated
in Figure-A II-1(a-b). The broadband CW THz response of the CMOS detector was measured
using a commercial TOPTICA TeraScan system. A TPX lens placed immediately after the
THz emitter was used to collimate the beam and ensure efficient coupling to the silicon lens
attached to the CMOS sensor. During the initial measurements, the polarization orientation of
the THz emitter was aligned parallel to that of the detector antenna. The corresponding
normalized detector responses are shown in Fig. A II-1(c) together with the response of a CW

photomixer receiver. As evident from Fig. A II-1(c), the CMOS THz detector exhibits a
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Figure-A II-1 (a) Experimental setup for the characterization of a CMOS detector
using a continuous-wave (CW) THz source; (b) photograph of the experimental
setup; and (c¢) comparison of the normalized detected signals of the CMOS
detector and a photomixer, highlighting the broadband response
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comparable dynamic response over the measured frequency range, indicating its suitability for
broadband CW THz detection. These results indicate that the CMOS detector provides
sufficient sensitivity and stability for spectroscopic measurements and suggest that it represents
a strong candidate in applications similar to those reported in (Sebastian et al., 2026),

particularly where compactness, scalability, and system integration are critical.
I1.3 Methodology
11.3.1 Polarimetric model and intensity expression

The detected intensity P(q) corresponding to an analyzer orientation a is expressed using the

Jones matrix formalism as (Menzel et al., 2015, Neshat & Armitage, 2012):

2

Doy = (A-II-1)

{ cos’(ax) cos(a)sin(cx)

cos(a)sin(a) sin’ (&)

j| ’ [JrotatedEin ] ' D

where Ein denotes the incident THz electric-field vector and D represents the effective detection
vector of the CMOS THz detector. Both the THz emitter and the CMOS detector employ
linearly polarized antennas, ensuring sensitivity to polarization changes induced by the sample.
The polarization evolution introduced by a birefringent sample is described by the rotated
Jones matrix Jrotated, Which accounts for the phase retardation between orthogonal axes as a

function of the sample rotation angle 6.
11.3.2 Polarimetric response and Stokes parameter extraction

The rotated Jones matrix describing the polarization response of a birefringent sample is given

by (Menzel et al., 2015; Neshat & Armitage, 2012):

Ag

J _|cos6 —sin& e? 0 |[cos6 sing (A-11-2)
rotated () — Sin 0 Ccos 9 Ag —_ Sin 9 COS 0

—i =

e

where A¢ is the phase retardation introduced by the birefringent material. This phase delay

depends on the material birefringence, thickness, and operating frequency.
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Normalized intensity responses measured at analyzer orientations of 0°, 45°, 90°, and 135° are
used to extract the Stokes parameters. In the simulations, the analysis was performed at two
representative frequencies, 0.33 THz and 0.41 THz, corresponding to the operating bands of
the system. For each frequency, the sample was rotated from 0° to 180° in 10° increments, and
the transmitted signals were recorded for analyzer angles of 0°, 45°, 90°, and 135°. The
corresponding simulated intensity responses po, pas, poo and pi3s at 0.33 THz and 0.41 THz are
shown in Figs. A 1I-2(a) and A II-2(b), respectively. These responses illustrate the polarization-
dependent transmission behavior of the system as a function of sample rotation angle at the

selected frequencies.
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0.41 THz; (c) corresponding Stokes S» parameters for the two frequencies as a
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Due to the intrinsically polarization-sensitive nature of the CMOS detector, the detected signal
is strongly dependent on the alignment between the incident THz electric field and the
detector’s integrated antenna polarization axis. As a result, when the analyzer is oriented at
90°, the detected signal remains close to the noise floor and exhibits no observable modulation
as the sample is rotated. Consequently, a direct evaluation of the Stokes parameter S1=po-poo

is not feasible in this configuration, since the poo component does not reliably capture

polarization-dependent variations.

This behavior highlights an important distinction between polarization-insensitive detection
schemes and detector architectures with built-in polarization selectivity. While the CMOS
detector enables compact and efficient polarization-sensitive measurements, its intrinsic
polarization response limits the direct extraction of certain Stokes parameters (So, S1) using
conventional analyzer-rotation methods. Therefore, alternative reconstruction approaches
based on intensity differences and combinations across multiple polarization states could be

employed.

However, the Stokes parameter S2 can be obtained from the difference between the 45° and

135° intensity components as
S, =Fjs = Rss (A-II-3)

The angular dependence of the Stokes parameter S> provides a direct measure of the
polarization modulation induced by the birefringent sample and enables the extraction of
polarization-dependent material properties. In particular, S> is sensitive to the relative phase
difference introduced between orthogonal polarization components as the sample is rotated,
making it a useful parameter for probing linear birefringence in anisotropic materials. As
shown in Fig. A II-2(c), the evolution of S> with frequency reveals a systematic increase in
modulation amplitude at higher frequencies. This behavior reflects the increasing phase
retardation experienced by the THz wave as the optical path difference between the ordinary
and extraordinary axes becomes larger with decreasing wavelength. Such a frequency-
dependent trend is consistent with the expected response of a linearly birefringent medium, in

which the phase retardation scales with both the birefringence and the operating frequency.
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114 Experimental results

The experimental setup schematic and corresponding photograph are shown in Figure-A II-
3(a-b). To ensure a well-defined polarization state, the THz radiation generated by a
photoconductive antenna is first passed through a wire-grid polarizer placed before the sample.
A rotatable metallic wheel incorporating PS-FSS is positioned between the sample and the
linearly polarized CMOS THz detector. The PS-FSS wheel provides two distinct operating
frequency bands, each realized at four angular orientations (0°, 45°, 90°, and 135°), enabling

frequency- and polarization-resolved intensity measurements, as illustrated in Figure-A II-

3(¢).

The number of PS-FSS elements integrated on the metallic wheel can be extended to

accommodate additional resonant frequencies, allowing polarization analysis over a broader
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Figure-A 1I-3 (a) Schematic of the experimental setup; (b) photograph of the
experimental setup; and (c) fabricated chopper wheel incorporating
frequency-selective polarizers oriented at 0°, 45°, 90°, and 135° for two
discrete frequencies of 0.33 THz and 0.41 THz
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THz spectral range. The CMOS THz detector is biased at +5 V and operated with a modulation
frequency of 10 kHz. An on-chip baseband amplifier enhances the detected signal for efficient
interfacing with the data acquisition system. The recorded signals are acquired using an
ultrafast data acquisition card and assembled into a ten-element intensity matrix, comprising
two values corresponding to the open and blocked reference slots and eight values representing
the four polarization orientations at two frequency bands. The complete polarization response

matrix is obtained within a few seconds for each sample rotation angle.

To validate the system performance, a stacked 1-mm-thick x-cut quartz crystal was
characterized as a birefringent sample. The sample was rotated from 0° to 180°, and the

corresponding polarization-resolved intensities po, p4s, poo, and pi3s at the two operating
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frequencies are shown in Figure-A I1-4(a-b). The experimental measurements exhibit strong
agreement with the simulated responses. Using the differential intensities measured at 45° and
135°, the Stokes parameter S> was extracted for both frequency bands, as shown in Figure-A
II-4(c). Two pronounced peaks are observed near 22.5° and 112.5°, with corresponding
minima at 67.5° and 157.5°. The close agreement between experimental and simulated results

confirms the accuracy and robustness of the proposed polarimetric spectrometer.
IL.5 Conclusion

This annex has demonstrated the feasibility of implementing a compact THz polarimetric
measurement approach using a CMOS-based THz detector with a linearly polarized antenna,
combined with PS-FSS. Following an initial polarization characterization of the CMOS
detector using a CW THz system, the same detector was successfully integrated into a

multispectral polarimetric spectrometer operating at discrete frequency bands.

The results confirm that polarization-dependent responses can be reliably extracted using a
polarization-sensitive detector, enabling the evaluation of Stokes parameters without relying
on polarization-insensitive detection schemes. Although simplified in architecture, the
presented approach captures key polarization features of birefringent materials and shows good
agreement with simulation results. Overall, this annex supports the broader thesis objective by
illustrating an alternative, scalable pathway toward fast, cost-effective, and frequency-selective
THz polarimetric systems, with potential relevance for compact polarimetric sensing and

imaging applications.
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ANNEX III

IDENTIFICATION AND CHARACTERIZATION OF BIREFRINGENT
MATERIALS USING TERAHERTZ PYROELECTRIC DETECTOR

Overview

In this annex, a simple THz polarimetric measurement approach using a pyroelectric detector
is explored for static characterization of birefringent materials. A broadband photoconductive
antenna serves as the THz source, while polarization information is obtained through external
modulation combined with frequency-selective polarizers, enabling polarization analysis at
selected THz frequency bands. Although the slow temporal response of the pyroelectric
detector limits dynamic measurements, this method provides a cost-effective and conceptually
simple reference platform, offering an alternative perspective to the faster Schottky- and
CMOS-based polarimetric systems discussed in the main body of the thesis and annex

respectively.
L1 Introduction

To investigate anisotropic material properties such as birefringence and dichroism, THz
polarimetric systems have been developed to analyze changes in the polarization state of THz
radiation after interaction with matter (Kim et al., 2011). Numerous THz polarimetric
techniques have been reported, demonstrating high accuracy and sensitivity; however, many
rely on complex, bulky, and costly experimental setups, which restrict their practical
deployment and broader accessibility (Norris et al., 2019; Zhang, et al., 2009; Morris et al.,
2012).

In recent years, efforts have been directed toward simplifying THz polarimetric architectures
by employing compact and cost-effective detectors. Among these, pyroelectric THz detectors
are attractive due to their broadband response, room-temperature operation, and simple
implementation. In this annex, a THz polarimetric measurement system based on a pyroelectric
detector is presented as a supplementary and comparative study to the Schottky- and CMOS-

based systems discussed in the main body of the thesis and annex respectively. The system
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enables polarization-dependent transmission measurements by rotating the sample orientation
from 0° to 180° allowing the extraction of anisotropic material responses using a
straightforward, intensity-based approach. Although limited by the inherently slow temporal
response of pyroelectric detectors, this configuration provides a simple and cost-effective
platform for static THz polarimetric characterization and serves as a useful reference for

evaluating detector-dependent trade-offs in THz polarimetric systems.
1.2 Methodology

A standard polarimetric configuration employing two wire-grid polarizers was implemented
to determine the polarization state of THz electromagnetic waves. According to Malus’s law,
the transmitted intensity /() after the second polarizer depends on the relative orientation of

the polarizers and is given by
1(0)=1,cos’(6)) (A-III-1)

where /o is the incident intensity and 6; denotes the angle between the polarization axis of the
incident wave and the transmission axis of the analyzer. After the second wire-grid polarizer,
the transmitted THz intensity is therefore governed by the relative angle between the two

polarizers as well as the polarization state of the incident wave.

The experimental configuration employing two wire-grid polarizers is illustrated in Fig. A III-
1(a). Polarization-dependent measurements were performed under both co-polarized and cross-
polarized configurations. The samples under investigation were mounted on a rotation stage and
rotated from 0° to 180° in 10° increments to extract polarization-dependent transmission

characteristics.

The experimental setup consisted of a laser fiber-coupled broadband THz photoconductive
antenna (THz-P-Tx LTP180909, TOPTICA Photonics) serving as the emitter, and a
pyroelectric detector as the receiver, as shown in Figure-A IlI-1(a). The emitted THz radiation
was intensity-modulated at a chopping frequency of 25 Hz to enable lock-in-style detection with
the pyroelectric detector. Four off-axis parabolic (OAP) mirrors were used to guide and focus

the THz beam through the polarization optics and the sample region.
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A T-RAD digital radiometer was employed to acquire and record the detected signal as a
function of the sample rotation angle. Due to the inherent thermal sensitivity of pyroelectric
detectors and their susceptibility to environmental noise, signal averaging was performed to
improve measurement stability. For each rotation angle, 1000 data points were recorded and

averaged to mitigate thermal fluctuations and enhance the signal-to-noise ratio.
1.3 Results and discussion

The polarization-dependent transmission of a quartz crystal with a thickness of 0.4 mm was
investigated to demonstrate the capability of the proposed THz polarimetric system. Figure-A
III-1(b-c) shows the measured transmission response under both co-polarized and cross-
polarized configurations as the sample was rotated over a full angular range of 0° to 180°.
Pronounced periodic maxima and minima are observed in both configurations, indicating clear

polarization-dependent modulation induced by the birefringent nature of the quartz crystal.

The magnitude of the modulation between the transmission maxima and minima is directly
related to the birefringence of the sample. As expected, the angular positions of the maxima and
minima exhibit complementary behavior between the co-polarized and cross-polarized
measurements, confirming the anisotropic optical response of the crystal. This opposite trend
arises from the phase retardation introduced between the ordinary and extraordinary axes as the

sample orientation is varied.

Although the measurements were performed with a rotation step size of 10° to provide detailed
angular resolution, coarser angular increments, such as 22.5° could be sufficient for rapid
identification and qualitative characterization of birefringent materials. Moreover, the periodic
modulation observed over a full rotation cycle suggests that the proposed scheme may be
exploited to extract additional physical parameters of anisotropic materials, including relative

birefringence strength and principal optical axis orientation.

To characterize the quartz crystal using frequency-selective polarimetric metrics, a frequency-
selective polarizer (FSP) based on a rectangular-slot FSS was employed with peak center

frequency = 0.33 THz, as shown in Fig. A IlI-2(a). The FSP acts as a narrowband polarization
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Figure-A III-1 (a) Experimental schematic with a wire-grid polarizer analyzer
placed before the T-RAD detector; (b—c) measured power versus sample
rotation angle for co- and cross-oriented wire-grid polarizers

analyzer, enabling polarization-resolved measurements at discrete spectral bands determined by
the FSS resonance. This approach allows the extraction of polarization information without

requiring broadband polarization optics or time-domain scanning.

When the WGP and the FSP were aligned in a co-oriented configuration, a clear periodic
modulation was observed in the co-polarized response po, as illustrated in Fig. A III-2(b). This
modulation arises from the rotation of the birefringent quartz sample, which introduces a
frequency-dependent phase retardation between the orthogonal polarization components of the
incident THz field. The resulting polarization state evolves with rotation angle, leading to an

oscillatory intensity response after projection onto the polarization axis defined by the FSP.

In contrast, when the FSP was rotated by 90° with respect to the WGP, the cross-polarized
component poo was measured as shown in Fig. A III-2(c). The reduced modulation observed

with the WGP-FSP cross oriented configuration arises from the narrowband, frequency-
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selective nature of the FSP, which limits the detected cross-polarized signal compared to the
broadband polarization conversion measured using two crossed wire-grid polarizers. This
behavior confirms the polarization selectivity of the rectangular-slot FSS and highlights its

effectiveness as a frequency-selective polarization analyzer.

Using the measured po and poo responses, the frequency-selective Stokes parameter S1 can be
directly extracted, providing quantitative information on the linear polarization contrast along
the principal axes. Although not implemented in the present measurements, rotating the FSP to
45° and 135° would enable the acquisition of the additional polarization components p4s and
p13s, from which the Stokes parameter S2=p4s-p135s could be determined. Together, the So, S1 and
S> parameters allow the calculation of the degree of linear polarization (DoLP) and the angle of

linear polarization (AoLP), thereby providing a complete description of the linear polarization
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state at the selected frequency. The detailed formulation and extraction of these parameters are

presented in Chapter 5 of this thesis.

Despite the inherently slow response of the pyroelectric detector, the experimental results
demonstrate that it provides adequate sensitivity to resolve small polarization-dependent
intensity variations arising from anisotropic effects in the THz regime. These findings confirm
the suitability of the proposed pyroelectric-based polarimetric approach for static

characterization of birefringent materials.
111.4 Conclusion

A compact and straightforward THz polarimetric system has been demonstrated for the
characterization of birefringent materials using a minimal number of optical components. The
polarization-dependent intensity modulation, manifested through periodic maxima and minima
in the measured transmission curves, enables reliable identification and qualitative
characterization of birefringent samples. While the system is inherently limited by the thermal
sensitivity of the pyroelectric detector, the implementation of improved thermal isolation and
environmental shielding could further enhance measurement precision. Owing to its simplicity,
low cost, and room-temperature operation, the proposed approach offers a practical and
affordable solution for static THz polarimetric measurements, with potential applicability in

industrial and laboratory environments.
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