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Abstract

The interaction between light and matter has been a field of research for cen-
turies, from the days of Sir Isaac Newton in the 17" century up to today,
where new effects, such as plasmonics open up new applications or the exten-
sion of the accessible electromagnetic spectrum, are still engaging scientists
and engineers in this field of research. The understanding of the interaction
between light, or more general: electromagnetic radiation and matter is a cru-
cial step in the development of components which give the necessary control
to gain access to the desired part of the electromagnetic spectrum. One of
the less developed parts of the electromagnetic spectrum is terahertz (THz)
radiation. THz radiation promises many applications, from spectroscopy for
material and medical applications to communication technology. But, so far,
most applications have not managed to overcome the experimental status,
mostly because of missing materials and manufacturing methods suitable for
the required length scales and material properties in the terahertz regime.
This thesis focuses on structures for the control of THz radiation. To do so,
and to overcome the natural limitations of many materials in the THz region,
new materials and modern fabrication techniques are used to find new ways to
overcome the shortage of readily available components for this part of the elec-
tromagnetic spectrum. As such, ceramics and polymers are used for various
components, from lenses to spoof plasmonic waveguides, fabricated with a vari-
ety of techniques, including 3D printing and micro-milling. Finite-Difference
Time-Domain simulations are used for the design of all structures. The ul-
timate goal is to demonstrate low-cost methods to produce THz components

for future industrial implementation.
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CHAPTER ].

Introduction

In this chapter, first the Terahertz (THz) spectrum is introduced and why its special
properties make it a challenging field with unique opportunities. Following this, a
quick summary of why THz components and devices are not as readily available as
for other parts of the electromagnetic spectrum is presented. The chapter closes

with a brief overview of the structure of this thesis.

1.1 The THz spectrum

Terahertz radiation is the region of the electromagnetic spectrum between milli-
metre waves and infrared light. While THz simply describes a unit with its prefix
(THz=10'2Hz), the term usually refers to what is still today called the THz gap,
a frequency sub-domain of 0.3 to 10 THz, even if this gap is continuously closing
[1-4]. THz radiation is still a quite young field of research, compared to other
parts of the electromagnetic spectrum which have been investigated for decades,
if not centuries. The reason for this is not the lack of interest but rather the
challenges associated with coherently generating and detecting this kind of radi-
ation. The wavelengths at a frequency of 1 THz is 300 ym which corresponds to a
photon energy of 4.1 meV, which is six times smaller than the thermal energy at
room temperature (~26 meV). Such small energy quanta cannot be realised in tra-

ditional semiconductor laser or sensor concepts which rely on interband transitions
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of charge carriers. Instead, complex intraband transitions have to be employed and

cooling to liquid nitrogen or helium temperatures is necessary [5].

Electronics < - - Photonics

Visible
light

100 103 106 10° 102 105 108 qQ2!

kilo mega giga tera peta exa zetta

Frequency in Hz
1THz ~ 300 um ~4.14 meV

Figure 1.1: Electromagnetic spectrum with corresponding wavelength and energy
for 1 THz. Radiation below THz frequencies are generated with electronic sources,
frequencies above are commonly generated with photonic sources. For the THz
region in between, both electronic and photonic sources are used.

Despite these challenges, THz technology has experienced considerable progress in
the past decade. The reason for the increased efforts in the field of THz science is
not simply the scientific desire to extend the available spectrum, but the applic-
ations enabled by it. There are applications such as THz communications, which
have great commercial potential. But they fundamentally rely on the same phys-
ical principle as wireless communications at other frequencies, just with a higher
frequency and therefore data rate [6, 7]. The largest advantage of THz radiation is
based on the fact that most molecules have their resonant frequencies in the THz
range. Therefore their absorption spectrum, so-called ‘fingerprints’ or signatures,
are unique for a given material and therefore do allow for identification via THz
spectroscopy [8]. Therefore, initially THz science attracted considerable attention
for security applications, e.g. the identification of illicit drugs [9] or explosives
[8]. But due to the challenging measurement environment of realistic measurement
scenarios, there have been few real applications. A different set of applications with

equally great potential but better controllable measurement environments lay in
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the biomedical field. For example the identification of cancerous tissue [10] due to
a change in the absorption and cancer biomarkers due to their spectral fingerprint
[11]. In summary, there is the potential for many applications enabled by THz
technology. Many of them unique to this part of the electromagnetic spectrum.
however, the technology overall has to mature to achieve the required availability

and sensitivity.

1.2 Fabrication and Material Challenges for THz

components

However, THz technology is not only challenging in the field of generating and de-
tecting radiation at the desired frequencies but also in auxiliary components, such
as optics and waveguides. Therefore, many standard components and technologies
are not readily available at THz frequencies, which has brought about the com-
bination of long wavelength and material properties in this frequency domain. A
good example of the complications caused by the long wavelength are epitaxially
grown components. For example distributed feedback lasers [12], which is a stand-
ard technology for components in the optical and infrared spectrum. As the layer
thickness increases proportional to the wavelength, the required layers are either
too thick to be grown for technical reasons, such as stress in the crystal lattice due
to lattice mismatch, or simply too expensive to be suitable for mass manufacturing.
Inversely, the wavelength of THz frequencies causes an issue for fabrication tech-
niques used at microwave frequencies, where often centimetre-sized resonators are
machined with traditional milling and drilling. Machining the small length scales
as required for THz components is challenging. The relevant tool dimension, which
in most cases will be the diameter, is commonly a magnitude of order smaller than
the feature size, which reaches the limits of technical capability and makes the
assembly of such components extremely costly. Therefore, THz components often

lay in a region between the fabrication methods designed for the nanometre length
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scale utilised by the semiconductor industry and the mm sized fabrication method
of traditional machining. This means, depending on the target frequency and com-
ponent, semiconductor or traditional machining might be preferable as there are
trade-offs in surface quality and feature size between different techniques.
Another explanation of why THz components are lagging in performance to other
parts of the electromagnetic spectrum is the intrinsic material absorption. Many
materials have higher absorption at THz frequencies. For example 3D printable
polymers such as Acrylonitrile butadiene styrene (ABS) whose attenuation coeffi-
cient increases tenfold from 0.2 to 1 THz [13]. A similar effect can even be seen for
high resistivity float zone silicon , as seen in Figure 1.2, which shows the attenu-
ation per wavelength travelled, i.e. specific attenuation. This metric is useful for
photonic components, such as photonic crystals, as their functionality is commonly
based on interference effects and therefore scale with the wavelength. The atten-
uation at infrared frequencies is at least two orders of magnitude lower than at
THz frequencies, making it far superior in performance at these frequencies. This
is remarkable, given that HRFZ-Si is usually considered one of the best materials
for THz components.

The higher absorption by materials and challenging feature sizes are inherent fea-
tures of THz components. The influence of bulk components is apparent, as fewer
suitable materials are available they either suffer from losses, an inconvenient form
factor due to the low refractive index or are simply expensive and hard to machine.
For waveguides, the impact is similar, albeit it depends on the waveguide type if
material properties limit the performance, which is the case for optical fibres or
photonic crystals. For rectangular waveguides, the machining precision poses the
largest issue with increasing frequencies and the integration of active components
in such waveguides with micrometre precision is tedious work resulting in high cost
and long assembly times.

Other traditional waveguides, such as strip line, suffer from both the small dimen-

sions and more substantial material losses and are therefore seldom found in THz
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Figure 1.2: The absorption per wavelength travelled in silicon for different fre-
quencies. Data recorded with various techniques from: THz Time-Domain Spec-
troscopy (THz-TDS) [14], Time stretch dispersive Fourier transform spectroscopy
(TS-DFT)[15], Fourier-transform infrared spectroscopy (FTIR) [16] and reflectance
measurements [17].The discontinuity between the THz-TDS and TS-DFT is most
likely caused by the different techniques, as different techniques, and even different
instruments based on identical techniques, are known to deliver different atten-
uation coefficient for low absorption materials in the high frequency region [187
, 19].

devices.

Hence, this thesis addresses new materials and fabrication methods that overcome
the stated shortcomings of THz components. New ceramic materials, which are
unstudied at THz frequencies to date, are used as a material for optics. The use
of longer wavelength opens up the possibility to 3D print optical components and
waveguides, which would have a too poor surface quality for components at shorter
wavelengths. Interesting new physical properties arising from the surface quality

are studied and compared to established fabrication techniques, such as photolitho-

graphy.
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1.3 Structure of Thesis

Chapter 2 presents the fabrication methods and measurement instruments used
in the thesis, including a small comparison between techniques. As the different
components presented here do require experimental techniques unique to this type
of structure, these techniques are explained in the respective chapter. The second
chapter also introduces finite-difference time-domain (FDTD) simulation as the
dominant design method used in this thesis.

The third chapter is about THz optical components made out of ceramics and poly-
mers, produced with subtractive and additive manufacturing, respectively. The
ceramic materials are first tested on their optical properties at THz frequencies
and subsequently machined into optical components. High-contrast gratings are
fabricated from the polymers as the geometrical simplicity and short optical path
length of this type of structure are suitable for the shaping limitations of the laser
cutter and high absorption of the 3D printer used.

This is followed by cavity design with photonic crystal and their application for
microfluidic analysis in chapter 4. Initially, the general influence of geometric
constraints for the length scales required for a THz photonic crystal cavity are dis-
cussed. The gained insights are then applied to a microfluidic device in a photonic
crystal to increase the sensitivity to chemicals in the fluidic channel.

In chapter 5 THz ellipsometry is discussed, as the ellipsometer was constructed as
a byproduct of the angular-resolved measurement setup, which was required for
the characterisation of some of the spoof plasmonic waveguides presented in the
following chapter. The system development is discussed and the performance of the
THz ellipsometer is evaluated by characterising multiple materials and comparing
the measured optical constants to literature and other measurement techniques.
The advantage of the reflection configuration is demonstrated with in-situ thick-
ness measurements of a wafer during etching.

Chapter 6 is the final results chapter and discusses spoof plasmonic waveguides.




1.8. Structure of Thesis

Multiple components for integrated photonic circuits, such as filters and splitters,
based on spoof plasmonic waveguides are discussed. This is followed by a section
on 3D printed waveguides with high defect concentrations. The defect density gives
rise to new physical effects, such as the unassisted free-space coupling of radiation,
and the scattering is discussed in light of the Mie theory and compared to FDTD

simulation.




CHAPTER 2

Methods and Instruments

This chapter discusses the fabrication techniques, followed by the measurement
instruments used and concludes with an introduction and validation of FDTD

simulation for the design of THz components.

2.1 Fabrication Techniques

Three different fabrication techniques have been employed during this thesis: Pho-
tolithography, micro-machining and 3D printing. Photolithography is a parallel
fabrication technique which writes the structures of a single layer all at once as op-
posed to micro-machining and 3D printing, which are both serial techniques that
write the individual features of a structure sequentially — much like writing with a
pen on a piece of paper. The classic advantage of a parallel technique is the quick
fabrication of several samples and, in this case, it also provides a smaller minimal
feature-size than the other techniques. Photolithography is the standard technique
in semiconductor technology and ideal for situations where the same structure has
to be repeatedly produced with high reliability, but every structure needs a separ-
ate mask which makes it an inflexible technique and expensive for situations where
only a few copies of a structure are required. The major advantage of serial tech-
niques is quick prototyping, adjustable structure and, in case of micro-machining

and 3D printing, the control in an additional dimension. While photolithography




2.1.1. Photolithography

only allows lateral structuring of a uniform film, micro-machining and 3D printing
also allow variable features in the third dimension. The “rapid prototyping” cap-
ability of serial techniques makes them attractive for research purposes where the

effects of small changes in structures are to be explored.

2.1.1 Photolithography

Photolithography is a microfabrication process which transfers patterns from a
master, a photomask, to a thin film. A schematic of a photolithography process

can be seen in Figure 2.1. The patterns are transferred via a layer of light-sensitive

Spin Photoresist Place and Align
and Bake Photomask

. Q L
ST - 3O

Metal Coating Develop Expose

Cleaned Wafer

Figure 2.1: Schematic of the photolithography process used for the production of
spoof surface plasmon polariton (SPP) structures. Photoresist is spun on a cleaned
wafer and baked. It follows the alignment of the photomask and exposure. The
non-exposed parts of the photoresist are removed during the developing step. The
structures are subsequently coated with metal.

polymers called photoresist. The photoresist is exposed to UV light. Some parts
are shadowed by the pattern on the photomask and therefore not exposed. The
light triggers a chemical process in the exposed parts of the film, which changes

the chemical structure that causes it to behave differently from the inexposed part
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of the film in the subsequent chemical treatment. The chemical treatment, called
development, removes the inexposed part of the film, creating a negative of the ori-
ginal structure on the photomask. Consequently, this type of photoresist is called
negative photoresist. The schematic process in Figure 2.1 uses a negative resist.
Positive photoresist, which removes the exposed part of the photoresist and creates
a positive copy of the photomask also exist but is not used in this thesis.

The main photoresist employed during this thesis is SU-8 2000. SU-8 2000 is a
high contrast, epoxy-based photoresist [20]. It is designed for the fabrication of
thick layers in the order of tens to a few hundred micrometres in a single coat-
ing process. The exposed, and subsequently thermally cross-linked portions of the
film are highly stable from a chemical, thermal and mechanical perspective. The
cross-linking proceeds in two steps. First, a strong acid is formed during exposure.
Second, the acid serves as a catalyst for the thermally-driven epoxy-cross linking
during the post exposure bake. The fabrication process used is close to the data-
sheet [20] and shown in Figure 2.2.

The geometric properties are stated for each sample. The geometric parameters

Post

Soft Bake Exposure Develop
Bake
* Bake for 6 minutesat  * Expose EVG620 * Bake for 1 minutesat  » Develop in EC solvent  * Blow dry with N2
65°C 450m)/ecm2 (soft 65°C « Duration approx. 15
 Bake for 30 minutes contact)  Bake for 6 minutes at minutes or until clear
at 95°C 95°C
 Allow to cool  Allow to cool

Substrate Coat Edge Bead

Pretreat Photoresist Removal aithee
* Wafer “fresh” from box * Spin coat photoresist * Wait one minute for edge * Bake for 6 minutes at 65°C
* N2 blow to remove * Ramp to 500 rpm, beats evening out * Bake for 30 minutes at
particles acceleration 100 rpm/s * Keep spinner hood closed 95°C
* Pre bake 120°C for 10 hold for 5 seconds. ¢ Allow to cool
minutes * Spin speed between

1500 and 3000 rpms,
depending on film
thickness. Hold for 30
seconds.

Figure 2.2: Process flow chart for a photolithographic process with SU8 photoresist.

are measured with optical microscopy for the horizontal dimension and a shearing

microscope for the lateral dimensions.
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2.1.2 CNC Micro-Machining

Computer Numerical Control (CNC) machining is a well-established fabrication
method in the manufacturing industry, especially for materials that cannot be cast
or where complex shapes that cannot be extruded. It is the automated version of
traditional machining, such as milling or drilling, controlled by a computer. The
efforts of recent years have increased the precision, with tool sizes down to the tens
of micrometres. Hence it is common to talk about micro-machining, despite this
term being also used for the etching of semiconductors, especially by the micro-
electromechanical systems (MEMS) community. However, feature sizes required
for THz components such as waveguides do push the limits of what is currently
possible which makes both fabrication and the often required following assembly
an elaborate and expensive procedure.

The CNC machine used for the micro-machining here is a bespoke piece of equip-
ment of the THz lab in Durham under ongoing development. The machine consists
of three linear motorised translation stages (Thorlabs MT S50-Z8) with an air mo-

tor spindle (Nakanishi SMS401) and is controlled with a regular Linux computer.

2.1.3 3D printing

3D printing is a technique where the material is solidified in a computer-controlled
process. Various processes can cause the solidification, such as the cooling of previ-
ously melted material or a photoactivated process, such as curing of a resin. Only
the latter technique is described as it is used in this thesis. This technique, usually
referred to as stereolithography (SLA), uses an ultraviolet laser to induce photo-
polymerization in a resin. 3D printing is conducted in a layer by layer process. The
laser is focused on parts of the layer to solidify them. It, therefore “writes” the
structure. Afterwards, another layer of resin is added, and the writing is repeated.
In this way, a three-dimensional object is created layer by layer. One of the main

advantages of the technique is the freedom of shaping the workpiece to one’s de-
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sire, which is the most considerable advantage of additive fabrication techniques,
such as 3D printing, over subtractive techniques, such as micro-machining. There
are virtually no limits to the shape within the constraints of a minimum feature
size. Even cavities or enclosures can be incorporated, which is impossible with
subtractive techniques where the tool cannot access the inside of a closed shape.
An example of the complexity of 3D printed structures can be seen in Figure 2.3.

With a resolution in the order of tens to hundreds of micrometres, the feature

. e
B L #
- o o
P ¥,
o
F i r
’ -
R - e
i g
" " “an S
B % - 5 *
..I o .-P'
el ;
- &
- P
F } - o -
« % N =
L ﬁ;\ -
z % - *
o - . i‘. : "
4 o :
-\-\.R E b =
; oz : .
- =
;‘W‘r ‘.:_",a;\‘ ; 1II_--.-._i. i
- h -
b
|
y FA
-

Figure 2.3: Screenshot from the design software of 3D printed high contrast gratings
used as THz waveplates on their support structures. The support structures are
needed to release the structures afterwards.

sizes that high-end 3D printer can achieve are suitable for THz optical components
and photonics. To fabricate dielectric components, the optical properties of the 3D
printed materials employed, especially the attenuation coefficient, have to be suit-
able as well. Many materials used for thermally-induced 3D printing are already
known in literature [13].

However, the optical properties for the THz region of the resins used by the Form-

12
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labs Form 2 printer, which has been used to produce the components in this thesis,
are not present in literature and therefore have to be tested to evaluate the suit-
ability for its use for dielectric THz components. The resins tested are the clear
resin, Clear Resin v2 (GPCL02), and a green resin, referred to as tough resin by
the manufacturer. The exact composition of the resins is not available. Figure 2.4

shows the transmission for the two available resins.
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Figure 2.4: The transmission of the white resin is consistently lower than the
absorption of the green resin at equal thickness. This makes the white resin less
desirable than the green resin as a material for refractive optics. Thicknesses for
thick, medium and thin are 1.1, 0.7, 0.5 mm respectively. Normalisation to empty
beam path.
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The absorption of the green material is consistently lower than the absorption of the
white resin. This makes the green resin more suitable for THz optical components,
albeit it is worth mentioning that the white resin achieves better surface finishes,
hence it is more suitable for smaller features. With the three different thicknesses,
a crude fit, shown in Figure 2.5, can be used to estimate the attenuation coefficient
a of the green resin to 11.8+1.1cm™.

Such a high absorption makes the material unsuitable for bulk THz compon-
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Figure 2.5: Plotting the transmission data of the three different thicknesses of the
green resin at 1 THz allows for a simple fit to estimate the absorption coefficient.

ents such as lenses and prisms which preferably are made from materials with
a<lcm™, but still could be suitable for flat components such as Fresnel-Lenses or
high-contrast gratings, as these components usually have thicknesses of only a few
wavelengths along the optical axis.

3D printing is also used to fabricate spoof plasmonic components, where the atten-

uation of the material is irrelevant as they are subsequently coated with metal.

14
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2.1.4 Laser Cutter

An HPC LS6840 PRO laser cutter is used. The machine uses a water-cooled COs
gas tube with 50 W power. Stepper motors are used for the positioning in x, y
and z with a location precision of <0.01 mm. The machine is designed to cut a
wide range of softer materials, such as plastics, fabrics and wood. The maximum
resolution is ~ 150 pm, but is considerably larger for samples thicker than paper.
Additionally, heat dissipation becomes an issue for materials, such as polymers,

and melting occurs if the feature size is too small.

2.1.5 Metallic coating

The SPP structures in this thesis were produced with photolithography and 3D
printing are metal coated. Neither the photoresist used in photolithography nor the
resin used in 3D printing are metallic. Therefore, after fabrication, the structures
are subsequently coated with metal. The metal is deposited through sputtering. As
sputtering produces different coating thicknesses on flanks and flats, the thickness
of the metal coating is above 300nm to be thicker than the skin-depth at THz

frequencies (<100 nm) in all places.

2.2 Measurement instruments

This section discusses the measurement instruments. It focuses on the THz instru-
ments available in the Durham University THz lab. The other instruments, such
as the scanning electron microscope (SEM), are only used in a qualitative way for
visualisation. With other instruments, such as the surface profiler, it is an external
service, and others conduct the measurements. Therefore, these instruments are
just briefly discussed.

At the start some general remarks about THz characterisation techniques and cur-
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rent issues in the community can be found, followed by the introduction of the THz

vector network analyzer (VNA) and the THz TDS.

2.2.1 THz metrology

Even well after two decades, THz science still struggles with standardisation, some-
times resulting in vast differences in optical properties for the same material, espe-
cially regarding the attenuation coefficient, as seen in Figure 2.6. While a relative
attenuation is usually sufficient for applications such as material identification, ab-
solute attenuation is essential, e.g. for the development of photonic components
and comparability of results, which helps the field of THz technology and science
to mature.

The recent efforts to compare different systems and methods and the ongoing
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Figure 2.6: Comparison of literature values of the optical constants of HDPE at
THz frequencies. While the values for the refractive index do agree reasonably
well with each other with a spread of <3% (left), the values for the attenuation
coefficient from the same publications deviate by three orders of magnitude (right).
Literature values extracted from [13, 21-23].

attempts to develop new methods to extract the optical constants all face one
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common problem: How to validate the results if another instrument or technique
delivers different results for identical samples [18, 19, 21, 24]. The characterisation
of materials at THz frequencies with THz time-domain spectroscopy is challen-
ging. While the technique is a powerful and versatile tool and probably the most
used characterisation technique at THz frequencies, it is also strongly dependant
on the configuration, setup and alignment, which can lead to significant deviations
in measurements conducted on identical samples [21, 25-29]. These factors are of
lesser importance when diode-based frequency domain systems are used, such as
the VNA, which are less susceptible to alignment and post-processing errors and
are increasingly available at higher frequencies. The downside of such systems is
the narrow frequency range, e.g. 0.75-1.1 THz which is the frequency range of the
instrument used in this thesis, when compared to the broadband THz-TDS, which
usually covers at least the frequency range from 0.3-2.5 THz.

The necessity of standardisation for THz measurements especially in regard of the
attenuation coeflicient becomes apparent in Figure 2.6, which shows a large spread
of over two order of magnitudes for the attenuation coefficient for HDPE, one of the
most commonly used polymers in THz science, while showing only little deviation
in the refractive index.

Therefore, developing components which are highly susceptible to attenuation, such
as resonators, with literature values only, has more uncertainties in the THz regime
than, for example at optical frequencies. This often makes the characterisation of

material before using it for components a necessity.

2.2.2 THz Vector Network Analyser

The THz VNA consists of a network analyser model N5224A from Agilent Tech-
nologies in combination with two full-band multipliers of the type WR-1.0 from
Virginia Diodes to extend the original frequency region from 10 MHz to 43.5 GHz
of the Agilent network analyser to 0.75 to 1.1 THz.

The specification of the WR-1.0 extender heads can be seen in Table 2.1 and Fig-
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Table 2.1: Specification of the frequency range extender VNAX WR-1/0 (WM250).
From [30]

Standard Frequency Coverage (GH z) 750-1000
Dynamic Range (bandwidth = 10 Hz,dB, typical) 65
Dynamic Range (bandwidth = 10 Hz, dB, minimum) 45
Magnitude Stability (+dB) 0.5
Phase Stability (+°) 6
Test Port Power( dBm typ. power) -30
Directivity (dB) 30

ure 2.7.

In many aspects, the VNA is complementary to THz-TDS. While TDS works in
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Figure 2.7: Dynamic range and test port power of the VNA frequency extenders.
DR: Dynamic Range, TPP: Test Port Power. From [30].

the time domain, the VNA works in the frequency domain. The TDS is a pulsed
system, the VNA operates in continuous wave; the TDS has a broad frequency
range (approx.. 0.5-4.5 THz) but takes 20-30 minutes for a single scan with the
bespoke Durham system, the VNA has around a tenth of the frequency range, but
can complete a full scan of this span within seconds. The frequency resolution of a
TDS is ultimately limited by the duration of the sampled time-domain waveform.
The 150 mm delay line used in the Durham system allows for a theoretical max-
imum resolution of ~ 0.5 GHz[31], but as scans are commonly considerably shorter

a resolution of a few GHz is achieved. In contrast, the frequency resolution of the
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VNA depends on the stability of the local oscillator and resolutions in the order of
kHz are easily possible.

The many differences make the VNA a good complement to the THz-TDS, even
if the limited frequency range can be challenging. The VNA’s near to real-time
response is advantageous and a necessity for the realisation of experimental setups
where an exact adjustment is crucial. This is the case for the knife-edge scattering
technique as described in Section 6.1.3, or in setups when a complete characterisa-
tion would otherwise take days with the TDS like the angle-resolved measurements
as discussed in Chapter 5. Additionally, the VNA records S-parameters, which
means it can measure reflection (S11, S22) and transmission (S12, S21) without a
change of setup and in both directions thourgh the sample.

In general, electronic sources are a quickly maturing field for the THz spectrum.
While frequency multiplying at such high frequencies has been available for a few
decades already, these components were part of costly instruments with highly spe-
cialised purposes, such as the Herschel Space Observatory [32], which only work
at very low temperatures that only can be reached with liquid nitrogen or even
liquid helium cooling. Therefore these components were not readily available for
lab use until recently, but these issues have been addressed by clever circuit design
enabling room temperature functionality [33, 34]. The used VNA Range Extenders
are the first to reach a frequency of 1 THz and only have been commercially avail-
able since 2011 and are therefore a fairly new characterisation method for the THz

community [35]. Additional information on the VNA can be found in the appendix.

2.2.2.1 Calibration

One of the advantages of the frequency extenders over other THz systems, such
as the TDS, is that calibration kits for full s-parameter calibration are readily
available and calibration for waveguides is well established through the microwave
community. For the frequency range used, a Short-Open-Load-Through (SOLT)

calibration is used to determine the 2-port 12-term error coefficients which are com-
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monly used [36]. It consists of one-port measurements of each of the ports using
three known reflection standards (shorted termination, open termination and load
termination) and one transmission standard (1” through). For waveguides, the
shorts are offset by a quarter-wave as an open waveguide acts comparable to a load
due to radiation. The quarter-wave adds a total of 180° to the wave reflected by the
short, which is the desired phase differences between open and short. Therefore,
the ‘open’ is actually a flush short, i.e. the short without offset. This produces the
same phase difference to the offset short as an open has to a short for calibration
standards with other connectors like coaxial cables.

One issue of the calibration is that it only is applied up to the test ports, i.e.
the waveguides without antenna and free-space in between. Therefore, free-space
measurements with a THz VNA are not using fully calibrated instruments. Known
calibration methods for free-space at microwave frequencies are commonly based
on changing either the distance between antennas and a reflective surface or dielec-
tric materials with exactly known thicknesses [37, 38]. This becomes increasingly
difficult with higher frequencies, as the precision of the calibration depends on the
phase delay which is proportional to the change in distance or optical path length
L over the wavelength L/\. Therefore, for the frequency range used, placement

within micrometres would be required.

2.2.3 THz Time-Domain Spectroscopy

As part of this thesis, a new THz-TDS has been developed. The TDS is most
likely still the most commonly used technique for THz characterisation. The main
advantage is the broad frequency range when compared to other THz sources.
The Durham University system has a frequency range of approx. 0.5-5 THz, but
systems with significantly higher maximum frequencies above 15 THz are known
[39]. While there are different ways to generate the THz radiation for a TDS, such
as electro-optical rectification, the thesis will focus on photoconductive antennas

photoconductive antenna (PCA), as these are used in the system. For the same
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reason, only electro-optic sampling will be discussed for detection.

2.2.3.1 Photoconductive Antennas

For the generation of THz radiation with a PCA, a mode-locked femtosecond laser
pulse is shone onto a photoconductive switch, which consists of two biased metal

contacts separated by a (semi-)insulating semiconductor, as seen in Figure 2.8. The

Figure 2.8: Illustration of a photoconductive antenna. A femtosecond laser illu-
minates the gap between the two biased electrodes of a bow-tie antenna, which
causes a rapid transient current that generates the THz radiation.

photoconductive switch, also called the Auston switch, functions as an optically
gated antenna, where the pulse causes a rapid transient of the conductivity due to
photoexcitation, as illustrated in Figure 2.9. The sudden surge in current generates
electromagnetic radiation, which is in the THz frequency range when the laser pulse
duration is sub-picosecond.

This principle can also be used to detect THz radiation in a ‘reverse’ of the
emission process where the laser pulse creates charge carriers, but the antenna is
unbiased so that only the incident THz radiation accelerates the carriers, producing
a current which is recorded by a detector circuit. The frequency and bandwidth
of the generated radiation depend on the pulse length of the photocurrent, which

means that not only the optical pulse length must be as short as possible, but also
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Figure 2.9: Hlustration for the time-domain response of an optically gated photo-
conductive antenna. As the photocurrent has a longer duration than the optical
pulse that caused it, femtosecond lasers are required for the generation of pico-
second THz pulses. From [40].

the generated electrical pulse must fulfil this precondition. Hence, direct bandgap
semiconductors are used which exhibit both, fast generation and recombination,
leading to a short charge carrier lifetime, which results in picosecond switching [41].
To produce a current, the energy of the photons in the laser pulse must exceed
the bandgap energy of the semiconductor. For the most commonly used direct
semiconductor, GaAs, this means an energy gap of 1.39 eV has to be bridged,
therefore light with a wavelength shorter than ~892nm must be used. Hence,
the usage of Ti: Sapphire lasers is required, but it is worth mentioning that the
development of fibre-based lasers using 1.55 um wavelength in combination with
more complex semiconductor structures is progressing as well [42], decreasing the
costs and therefore increasing the availability of THz-TDS systems.

The antenna itself consists of two metallic (Au/Ti) contacts on the semiconductor
surface, fabricated with photolithography. The geometry of the antenna can take
different forms and influences the shape of the emitted spectrum as well as the
polarisation [43]. One of the most common design uses bow-tie antennas to increase

the electric field in the gap. In general, electromagnetic radiation generated by
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a change in velocity of charged particles is proportional to the derivative of the
current change. In the case of a photoconductive antenna, the simplified case of a

Hertzian dipole [44], the generated electric Erp, field is given by

0j
ETHzOCaa (2.1)

where j is the current density and ¢ the time. The current density in a semicon-
ductor is linearly dependent on the charge carrier concentration ncpqrqe and the

carrier drift velocity v, which leads to

(9.7 anchar‘ge ov
eV tena (2.2)

where e is the charge of an electron and only considers majority charge carriers.
v is the relative speed between electrons and holes. As seen in the second term
of Equation (2.2), the change in current is dependent on the temporal changes in
charge carrier density, which is induced by the laser pulse and therefore depends on
the incident optical power. This part of the term is much larger than the contribu-
tion of the charge carrier acceleration and dominates the equation. Nevertheless,
as this dominating term part linearly depends on the carrier drift velocity, there is

also a proportionality to the applied bias between the antennas.

2.2.3.2 Detection of THz Radiation with Electro-Optic Sampling

While many commercial systems, especially 1.55 um fibre-based ones, use PCAs for
detection, electro-optic sampling (EOS) via a birefringent crystal is still a popular
detection method for self-built systems. EOS offers a few advantages over pho-
toconductive detection, such as higher bandwidth or a flatter frequency response,
since the birefringence is reasonably constant over the relevant frequency range.
From an experimentalist’s point of view in a lab that produces its own PCAs,
electro-optic sampling is the more robust method. Small changes in characterist-
ics between different PCAs are unavoidable, given the small volume batch process

which is used for self-made antennas. Finally, the smaller active area in the order
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of tens or hundreds of micrometres compared to the millimetre-sized birefringent
crystal makes PCAs more amenable to be influenced by the environmental condi-
tions which cause the laser beam to drift. Therefore, the Durham University uses
electro-optic sampling.

Electro-optic sampling exploits the Pockels effect to change the birefringence of
a crystal-induced by the incident THz radiation. The Pockels effect describes a
change in refractive index of a medium in linear proportion to the strength of an
applied optic field. The effect only occurs in noncentrosymmetric crystals [45]. The

thus obtained change in refractive index can be approximated by

1
n(E) rN— §n3TP0ckelsE27 (23)

where 7pocrers is the Pockels Coefficient [46]. ZnTe is the preferred traditional ma-
terial for the birefringent crystal because of its high signal to noise ratios [47]. The
complete backend for the electro-optic detection consists of the birefringent ZnTe
crystal, a quarter wave plate, a Wollaston prism and two balanced photodiodes,
as illustrated in Figure 2.10. The linearly polarised probe beam passes through
the ZnTe crystal, which changes the polarisation to elliptical. The probe beam
then passes the quarter-wave plate and the Wollaston prism, where it gets split up
into two beams with horizontal and vertical components, as such is the nature of
a Wollaston prism, and each beam hits one photodiode. The quarter-wave plate
is used to compensate so that the photodiodes are balanced when no THz radi-
ation is present. During a measurement, the incident THz radiation changes the
birefringence of the ZnTe crystal and therefore the polarisation of the probe beam,
resulting in unequal intensities for the horizontal and vertical polarised split beams,
which throws the photodiodes out of balance, causing a change in current. The
difference in photocurrents is sent to a transimpedance amplifier, which produces

an output voltage proportional to that difference.
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Figure 2.10: Illustration of electro-optic sampling as used in the Durham THz-TDS
system. The incident THz beam (purple) is focused on the ZnTe crystal (orange).
The coaxial propagating laser beam (red) is changed in polarisation by the THz
beam. The quarter-wave plate (grey) is used to balance the intensity between p-
and s-polarisation. The Wollaston prism (blue cube) splits the elliptical polarised
laser into p- and s-polarisation.

2.2.3.3 THz-TDS Setup

The previous subchapters contain all information about how to generate and detect
THz radiation. Therefore this section explains how the complete setup, as seen in
Figure 2.11, operates and how the THz pulse is reconstructed in the time domain.

After exiting the laser, the beam is split into two; the probe beam for detection
and a pump beam which is used to generate the THz radiation. Only a small
fraction of the laser power is required for detection, as the sensitivity of the balanced
photodetectors are high. Additionally, it is desirable to maximise the amount of
power for the THz generation as shown in Section 2.2.3.1. Therefore a 90/10 beam
splitter is used, leaving 90% of the optical power to be used for THz generation.
The probe beam is directed towards the optical delay line, which is a motorised
stage with two mirrors on it. By changing the position of the mirror pair, it
increases the optical path length and therefore delays the laser pulse. The delay
line stage is 15 cm long and thus provides a delay of 30 cm in the optical path which

corresponds to a time delay of 1 ns. The positioning has micrometre precision which
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Figure 2.11: Schematic of the Durham Engineering THz-TDS system.

results in subpicosecond temporal resolution since 1 picosecond corresponds to 300
micrometres. Subsequently, the laser beam is directed towards the ZnTe crystal
for the detection via electro-optic sampling.

After the beam splitter, the pump beam is directed to the shaker (APE scanDelay
50). A shaker is an opto-mechanical device which introduces an optical delay, just
as the delay line does, but with periodic movement and a much smaller deflection,
commonly less in the order of one centimetre or less. In case of the used shaker,
the maximum scan range is +£3.75 mm. Commonly a deflection of 600 pm with a
frequency of 1 Hz, the lowest available frequency, is used. This small change in
optical path length is very useful during the necessary daily alignment of the system.
However, the positioning of the shaker is imprecise, only few points can be acquired,
and the small deflection only allows visualisation of the main pulse. Therefore, the
shaker scan is not useful for full-fledged spectroscopy as the spectral information
following the main pulse is not recorded. Nevertheless, the reconstructed signal can
be used to extract the electric field amplitude. This can be used for THz imaging,
and the maximisation of the amplitude is part of the necessary daily alignment,

making the shaker a handy tool for daily maintenance of the system; the changes
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are displayed within seconds, in contrast to minute long scans with the optical
delay line. The next component in the beam’s path is the optical chopper, which
provides the necessary reference signal for the lock-in amplifier. Afterwards, the
laser beam is focused on the PCA’s gap and the THz radiation is generated. The
THz radiation is then directed by parabolic mirrors. The samples can either be
placed in a parallel section of the beam, between mirrors 1 and 2 or 3 and 4, or in
the focal spot of the THz beam, between mirrors 2 and 3. The THz beam is then
overlapped with the optical probe beam at the ZnTe crystal for the electro-optical
sampling. The part of the setup where THz radiation is present is in a nitrogen
purged box to avoid the absorption of water vapour [48].

The THz measurement itself works as follows: The optical delay line changes its
position and therefore delays the pulse in time. At each step, the readout of the
lock-in amplifier is recorded as a function of the delay line’s position, and since the
position in space corresponds to a delay in time, the data is recorded in the time
domain. When the optical path length of the probe beam and the THz radiation
beam are equal, the THz pulse and probe pulse overlap in time. Since the probe
pulse is several magnitudes of order shorter than the THz pulse, the induced change
in refractive index in the ZnTe crystal by the THz radiation can be seen as static
for the probe pulse. By stepping multiple times the complete THz pulse can be
reconstructed. Since the change in refractive index is linearly dependent on the
incident THz radiation, the obtained signal is a direct measurement of the complex

electric field of the THz pulse.

2.2.4 Optical Profilometer

A Talysurf CLI 2000 3D optical profilometer is used. The Talysurf is a scanning
surface topography instrument where the workpiece is moved under a stationary
chromatic length aberration gauge head. White light is directed through a chro-
matic aberration lens onto the surface. Due to the chromatic properties, only a

certain wavelength will be in focus at any point, depending on the distance between
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2.2.4. Optical Profilometer

lens and workpiece. The light is reflected from the surface to a pin hole which only
allows the wavelength in focus to pass through. A spectrometer grating deflects the
light onto a CCD sensor to interpolate the spatial position of the data point. By
changing the focal distance to the workpiece, different wavelengths are addressed.

The vertical and lateral resolution are 10 nm and 10 um respectively.
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2.8. Finite-difference time-domain Simulation

2.3 Finite-difference time-domain Simulation

Finite-difference time-domain (FDTD) is a numerical analysis technique, which is
based on finding approximate solutions to Maxwell’s equations. The most common
algorithm [49] replaces the derivatives in Maxwell’s equations with finite differ-
ences. Space and time are discretised so that a staggered grid results both in time
and space. The electric and magnetic fields are calculated in alternating turns.
The resulting differences are updated every time step so that the simulation ideally
converges to a solution.

From the description of the algorithm, it is obvious, that it is an intrinsic property

a) TE b) TM ¢) 3D E-
-~ - Yee

rid
b oH.{E. | oF- {H. S E
x Ey x Hy )\ ,
Figure 2.12: Illustration of the Cartesian Yee cell used in most FDTD solvers.
The cubic voxels for the electric (orange)) and magnetic (green,) with their field
components which form the edges of the cubes, which also form the normals to the

faces of the respectively other cube (a/b). ¢) The staggered arrangement of the
two cubes which form the 3D Yee grid. From [50].

of the method that the simulation can demand a large amount of computational
resources since the information of every mesh point at every time step have to be
saved and updated with time. This also explains while the method became in-
creasingly popular since the 90s, given the exponential rise in computational power
available. However, there are also advantages coming with the technique, the ma-
jor one being that the method can be applied to all kinds of structures and has
virtually no limitations or requirements to the shape of the simulated objects. This

is in stark contrast to other popular methods, such as Eigenmode expansion, which
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2.8. Finite-difference time-domain Simulation

is very efficient when periodic structures are simulated that only possess a small
number of Eigenmodes due to periodicity or symmetry, but usually are less efficient
to find a solution for structures without or broken symmetry. This advantage of
the FDTD method is utilised in this work because even if periodic structures are
investigated, such as photonic crystals, the limitations of the available fabrications
methods result in so-called photonic crystal slabs. These are periodic structures
which deviate from the theoretical model of an infinitely extended structure in at
least one dimension, by limiting its extension to the order of a few wavelengths and
therefore breaking the symmetry that would benefit other electromagnetic solver
methods. However, it has to be mentioned that periodic structures, or more gen-
erally resonators, are not the traditional strong suit of FDTD simulations since a
common approach to set the simulation time is to observe the stored energy in the
simulation region and wait until the majority of it has dissipated, meaning that
the simulation converges towards a result. An additional advantage of the FDTD
model is that it works in the time-domain, as in contrast to the frequency domain
of other methods, which provides the possibility to compare the results directly
with the measurements of the THz Time-Domain Spectroscopy system and, also
as a result of using the time domain, the simulated response is a broadband result,
covering a frequency range matching with the available experimental characterisa-
tion methods in a single simulation.

A commercial simulation software called Lumerical FDTD is used in the version
2019b R6. The fundamentals on how to set up FDTD simulation in general, and
Lumerical FDTD specifically, can be found in the appendix. Here the validation
of the results is in focus, to show that the commercial FDTD software is a suitable

tool to design THz components.
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2.3.1 Validation of FDTD simulation for THz application

The validation of simulation results can be achieved in different manners with dif-
ferent levels of strength of the validation. One possibility to validate a simulation
is to compare it to the results of a different simulation method, which would be a
weak validation as long as this simulation method is not proven to produce accurate
results with other validation methods. A stronger validation method is to compare
the results to theory based on fundamental equations, but this has the downside
that often only simple cases which wouldn’t necessarily need simulation can be
validated in this manner in the first place. Another possibility is the validation
with experiments. As long as the experiments allow to measure the same quantity
that is simulated, the validation is straightforward.
Here the results of the FDTD simulation are validated at the example of the dielec-
tric materials based photonic crystals.
While a comprehensive theory for photonic crystals exists[51], some photonic crys-
tals designed in this thesis are based on already existing photonic crystal waveguides
[52], so the results can be compared to measurements existing in literature. Addi-
tionally, one of the photonic crystal waveguide cavity has also been produced by
collaborators in Osaka University, therefore allowing for a direct comparison with
experimental results.
Figure 2.13 shows the comparison of a simulated and a measured photonic crystal
WG. The measured and simulated lower cut-off of the waveguide at 0.315 THz
are in excellent agreement; the higher cut-off is outside the frequency range of the
instrument. Both curves are in good agreement at the low-loss region at 0.32 THz,
which has been identified as the preferred region for waveguiding [52]. The curves
deviate for frequencies above 0.33 THz, but this can be explained by the short
length of the waveguide that has been characterised. Additionally, the measure-
ment suffers from standing waves which can influence the spectrum.

The comparison of measurement and FDTD simulation for a photonic crystal

cavity is shown in Figure 2.14. The centre frequency and full width at half max-
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Figure 2.13: Comparison between the measurement and FDTD simulation of the
lower cut-off of a photonic crystal waveguide. The cut-off frequency of measurement
and simulation are in excellent agreement. Above the fundamental waveguide mode
at 0.32 THz, the curves deviate slightly, probably due to standing waves in the
measurement setup.

imum (FWHM) for the measured and simulated data are 336 GHz and 3.8 GHz
and 336 GHz and 4.6 GHz respectively. This excellent agreement shows that the
FDTD simulation can be used to design resonant dielectric THz components. The
discrepancy in FWHM can be explained by the limited time of the simulation, as
the simulation automatically stops when the majority of the energy is dissipated ,

hence not all intensity is captured for high quality factor resonators.
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Figure 2.14: Comparison between the measurement and FDTD simulation of a
photonic crystal waveguide cavity. The resonant frequency of both measurement
and simulation is at 336 GHz, and the FWHM is in close agreement as well with
3.8 GHz and 4.8 GHz, respectively.

2.4 Summary

All relevant fabrication, characterisation and design techniques used in this thesis
were discussed. The precision of the four fabrication methods (photolitography,
CNC Micro-Machining, 3D printing, and laser cutting) are addressed. While pho-
tolitography offers excellent lateral precision, it also offers the lowest flexibility for
medial variations and is the most elaborate and costly of the presented methods.
CNC Micro-Machining offers significantly more freedom in 3D forming of surfaces
than photolitography, but the required feature sizes in the order of tens of micro-
metres do push the limits of possible tool sizes, making the technique less desirable
with increasing frequency, as feature size decreases with frequencies. While 3D
printing offers the highest flexibility in 3D fabrication of the four techniques, it is

shown that commonly used resins for SLA printers are unsuitable dielectric mater-
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ials for THz components due to the large attenuation. But 3D printed components
can be metal coated to produce metallic THz components. Laser cutting allows
only lateral structuring, similar to photolitography, of polymers. These polymer
can be chosen to have a sufficiently low absorption to be suitable as dielectric THz
components, but melting of plastic limits the minimum feature size which again
makes it difficult to produce components for higher frequencies towards 1 THz. De-
tails of the experiments and particularities of the simulation of certain components
are discussed in the respective chapters itself for clarity. FDTD simulations as the
main design tool in this thesis have been introduced and the suitability for the
simulation of THz components has been validated with the comparison between
simulated and experimentally characterised photonic crystals. The comparison
has shown good agreement between the simulated and experimentally determined
low-loss waveguiding region of a photonic crystal and excellent agreement with a
deviation of « 1% in the centre frequency of a photonic crystal resonance and

approximately 20% difference in FWHM.
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CHAPTER 3

Terahertz Optical Components

While THz photonic structures are necessary to enable integrated systems, there is
still a need for traditional optical components. THz optical components have ap-
plications in the coupling and manipulation of radiation, and beamforming. While
the number of commercial suppliers of THz components is ever-increasing, many
components, such as bespoke lenses, prisms or wave plates for phase retardation
are not readily available. These components can be only purchased with extremely
high prices compared to optics for other parts of the electromagnetic spectrum and
they often have long lead times.

Therefore, for research purposes, it is convenient to find means to produce com-
ponents in-house or demonstrate alternatives that can be easily adapted in the
industry in the future to reduce component prices and increase availability. In this
chapter, multiple alternatives to currently commercially available components with
innovative materials and manufacturing techniques are presented. First optical
components made out of a machinable ceramic are discussed and its capabilities by
producing a microstructured optical component, a Fresnel lens, and a bulk com-
ponent, a prism, are discussed. Afterwards, low-cost wave plates produced with

3D printing and laser cutting are presented.
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3.1 Machinable ceramic for high performance and

compact THz optical components

Currently used THz optics can be classified as either high performance, such as
high-resistivity float-zone silicon or low cost, such as HDPE, Itra-high-molecular-
weight polyethylene (UHMWPE), and wax polymers. While HRFZ-Si has very low
absorption and a high refractive index [53], it is also expensive, brittle and requires
elaborate and expensive techniques to produce complex shapes [54]. Therefore,
whilst silicon lenses are commonly used, for example in THz Time-Domain Spec-
troscopy systems (THz-TDS) [55], the limited shaping capabilities usually require
some adjustment to the components,such as using a stack of wafers as spacer [56] or
many processing steps if semiconductor manufacturing is used [57]. Conversely, the
low-cost materials that can be readily shaped using traditional subtractive manu-
facturing techniques, in addition to 3D-printing, also have a low refractive index
(n ~ 1.2—1.8 [58]) which results in less compact optical components. Such mater-
ials are also not very resilient to being scratched or exposed to large temperature
ranges, making them less suitable for some real-world applications. Wax materi-
als have only been successfully used in laboratory environments [59] with, bulky
high dynamic range measurement systems, e.g. THz-TDS, which can overcome
significant losses within the optical components. Similarly, the use of more exotic
components, e.g. based on oil, which has good optical properties at THz frequen-
cies, will probably remain limited to laboratory environments due to practicality
issues [60].

Here an alternative material option is presented, an aluminium-nitride (AIN)
based ceramic, tradename Shapal Hi-M Soft, which is shown to have a relatively
high refractive index (n = 2.65) within the THz region, reasonably low losses
(o < 1em™!), and is compatible with standard subtractive manufacturing tech-
nologies, making it suitable for high performance, compact optics. Additionally,

the low absorption and high refractive index make Shapal an interesting altern-
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Figure 3.1: THz transmission spectra of the ceramics listed in Table 1, measured
with the THz VNA. Both Macor and CeramSil exhibit very high losses in this
region, and there is no measurable transmission through silicon carbide Shapal
and CeramAlOx both exhibit low absorption in the frequency range around 1 THz.
Sample thickness for all materials was 2.54 mm.

ative material for traditional components, where even fundamental components
like prisms made of HRFZ-Si often cost thousands of USD could be offered for a
fraction of the price when made from a ceramic alternative. The ceramic will be
compared to commonly used materials for THz optics, such as HRFZ-Si and poly-
mers, and other ceramics with regards to the refractive index, optical losses and
shaping capabilities. As for the shaping capabilities, this work focuses on machin-
ability using general purpose tools and machinery, as this is the most commonly
available method of fabrication. Furthermore, avoiding highly specialised manu-
facturing techniques is most likely necessary for a material to have commercial
success. A range of commercial available ceramic materials is tested which can be
found in Table 3.1.

All measurements were taken in an environment maintained at standard temper-
ature and pressure conditions: 21°C, 7% relative humidity. Samples were placed in
an oven at 100°C for one day at reduced pressure (<0.1 Bar) to remove any humid-
ity within and measured directly afterwards. A second measurement after storing

the samples at the previously mentioned ambient conditions for several days did
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Virtual calibration plane

SOLT calibration plane

Figure 3.2: Schematic of the measurement setup. The system is calibrated up to
the waveguides with the SOLT calibration kit. The free-space part of the system
is calibrated with a numerical de-embedding process up to the virtual calibration
planes. This method allows an improved precision by a factor of almost 50 when
compared to a closed-form extraction technique.

not show any differences in transmission, and thus, despite being hydrophilic like
most ceramics, the water content absorbed in the material appears to be negligible.
The Durham Engineering THz-TDS system was used for an initial broadband char-
acterization to give an impression of the material performance at higher frequencies,
but as THz-TDS has a larger uncertainty for low attenuation coefficients [21, 61]

the full characterization was only conducted with the THz VNA.
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Table 3.1: Composition and material properties of the ceramic materials under test and other ceramics and THz optical materials from

literature.
(Trade) o : Refractive Loss
Name Composition Machinable Index (n) | Coefficient (@1 THz) [cm 1]
71 — T4A%AIN,

Shapal 26% BN, various impurities [62] Yes ~2.65 ~04

46%5i02, 17%M 9O, 16%Al20s3, ]

Macor 10% K20, 7%Bs 03, A%F [63] Yes NA =30
Ceram§il-C SiC No NA >20
CeramAlOx AlyO3 No ~3.1 ~1.8

Alumina See
from [64] reference No ~3 ~1
Boron Nitride Various, No 1.97-2.15 13
from [65] see reference R
Aluminium Nitride See No 999 0.5
[65] reference ' '
Low-loss See Yes ~1.45-1.6 ~0.5-2
polymers from [66] reference
HRFZ See o
silicon from [53] reference No/limited ~342 <0.05
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3.1.1. Micromachining of Optical Components

The refractive indices for the tested materials, as shown in Table 3.1, have been de-
termined with the method described by Hammler et al. [67] and briefly introduced
here. The s-parameters are recorded with the setup shown in Figure 3.2. First, the
s-parameters are measured in the absence of the sample to move the measurement
plane to the sample surfaces computationally. This de-embedding process does not
require exact knowledge of the systems geometric lengths. An iterative method is
used to determine sample thickness and electric permittivity simultaneously.

The attenuation coefficient, «, was determined by measuring the transmission de-
pendence upon material thickness, as can be seen in Figure 3.3. Unprocessed
samples, with flat and smooth parallel faces, were pressed into stacks after hav-
ing been individually cleaned. An exponential fit (all with R? > 0.95) at each
individual frequency leads to « for the corresponding frequency. Fabry-Perot res-
onances are addressed by only using the transmission maxima and interpolating
between them in the valleys caused by the resonances. In theory, this could result
in the loss of information, for example feature like sharp absorption peaks, but as
the spacing between resonances is approximately 15 GHz, as can be seen in fig. 3.1,
and the resonances occur at different frequencies for each thickness, this possibility
can be neglected. « is found to be 0.40+0.04cm™ for Shapal at frequencies of
1 THz, which is consistent with the previously reported values for AIN and BN
individually [65]. The attenuation of CeramAlOx is determined in the same way

to be ~ 1.8040.18 cm™!, which is consistent with the values for alumina [64].

3.1.1 Micromachining of Optical Components

Initial starting points for machining parameters for larger features (>1mm) for
Shapal can be obtained from the datasheets of the material [62, 63] and tooling,
but no information is available about machining with tools in the order of tens
or hundreds of microns, as is required for THz optics and photonic applications.
Micro-milling can be used to realise micro-structured components such as Fresnel

lenses. Due to the higher refractive index, the components can be thinner than
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Figure 3.3: a) Signal attenuation at three different frequencies, plotted against
material thickness allows extraction of the attenuation coefficient, shown in b),
from exponential fit lines. ¢) The broadband THz-Time-Domain Spectroscopy
scan shows little attenuation to well beyond 1 THz.

comparable ones made from plastic.

To demonstrate the shaping capabilities of Shapal, a continuous Fresnel lens is
machined with a nominal diameter of 11.2 mm on top of a 12.7 mm thick slab that
focuses the incident THz radiation to the bottom face of the slab. Finite-difference
time-domain simulations using the measured material properties show a -3dB fo-
cal spot of around 190 pm width in the design. The lens was designed using the
lensmaker equation for a hemispherical lens and a modulus was used to introduce
a step size of 198, um [68]. The simulations were conducted as a 2D simulation
because a 3D simulation of the full-scale component requires significant computa-
tional resources. To account for the effect of polarization, the polarisation of the
incident radiation was rotated by 180° in 1° steps and the electric field summed

up. Perfectly matched layers were used as boundaries.
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First, a pocket was created in a sacrificial bed on the CNC micro-milling machine,
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Figure 3.4: a) FDTD simulation shows that the THz radiation, coming from the
right, propagates along the z-axis and is focused at the bottom of the structure on
the left. b) A planar slice of the electric field intensity 50 um below the surface
shows a -3 dB focal spot width of 190 pm.

to which the stock material was firmly attached. A coordinate system was estab-
lished and the operations in Table 3.2 were performed.

All operations used a 12° spiral lead-in, where appropriate, to reduce thrust forces
during plunges and prevent tool breakage. The spindle speed was fixed at 40,000 RPM,

with a feed rate of 30 mm/min. All tools used were endmills, due to the unavailab-
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Table 3.2: Machining operations for Fresnel lens prototyping. The machine uses
a spindle speed of 40,000 RPM, a feed rate of 30 mm/min and has a compressed
air /low viscosity mineral oil/ WD-40 mist as coolant.

Step Description . Tool #* Axal Stepover
Diameter (mm) | Tools Used | Depth of Cut Increment (mm)
0 pffli . 3.0000 1 — —
! horili((:lllltg;i?fster 0-2032 2 0-300 0012? I:m
2 vei(i)clfl};l;lsier 0.2032 2 0-300 0012213) r:m
3 | ateing 00760 : 0.050 0.046
U e 0.0800 3 0015 _ 0014

ility of economical ballnose/bullnose cutters, at the detriment of the surface finish
of the lens. Finishing toolpaths were machined with Zecha 596.030.0003 endmills.
A micrograph of the finished component is in Figure 3.5. Surface finish and uni-
formity of the finished lens structure would be improved by being performed on a
machining centre equipped with a rotary axis to tilt the tool and another to spin
the lens, however it serves as a demonstration of a realisable prototype manufac-
tured with a general-purpose machine.

Addtionally, the fixed speed air spindle in the bespoke Durham system has a ro-
tational speed which is around an order of magnitude too high for the tool sizes
required for THz components with 40000 rpm. Therefore, the surface quality of
the manufactured components is relatively poor and rough edges and tool marks
are clearly visible. Therefore, components with features in the order of tens of
micrometres, such as THz spoof plasmonic structures, could not be manufactured
at all.

The Fresnel lens was then cleaned with compressed air and acetone. Afterwards,
the lens was characterised using the THz vector network analyser in the following
configuration: the radiation from the transmitting antenna is collimated with an
off-axis parabolic mirror and directed towards the lens. The receiver is mounted
on an xyz stage assembly and scans the planes perpendicular to the beam direc-

tion. The receiver’s horn antenna has a 3 dB half angle of 10° and a beam waist
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Figure 3.5: Scanning electron micrograph of a prototype Shapal Hi-M Soft Fresnel
lens.

radius of 0.66 mm, therefore the effective minimum detector size is ~1.3mm. A
scan of the xy plane at the front face of the lens serves as a reference. To find
the focal spot, multiple xy scans were taken with a z-step of 300 ym, starting at
the bottom face of the lens. The focal spot is determined by measuring the extra-
polated average diameter of the 3dB attenuation contour line. Figure 3.6 shows
the intensity in the focal plane. The smallest measured focal spot was captured
with an xy step size of 300 um at a distance of 1.2mm from the sample surface.
Nevertheless, the focal spot is measured to have a diameter around 200 pm which
is in good agreement with the simulations, with the only discrepancy being that
the focal spot was found at a distance of 1.2mm from the surface rather than
directly below the surface, which can be attributed to an incomplete removal of
material as the tools have a finite diameter and therefore cannot produce the sharp
discontinuities which occur at the steps where the modulus is applied. Each valley
theoretically tapers to zero width at the root of a ring, however, the tool occupies
a finite width. As the attenuation of the 12.7 mm thick block of Shapal is 5dB
and the measured intensity is approx. -2dB in the focal spot corresponding to a
net gain of almost 3dB in intensity. The most challenging machining conducted
was the drilling of 100 yum diameter holes to a depth of 1.3 mm, which can be used
for structures like THz photonic crystals. The drilling operations required many
pecking cycles, to facilitate chip removal at the extreme aspect ratio of 13. As seen

in the micrographs in Figure 3.7, the machining produces a good finish with no
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Figure 3.6: a) The measured intensity in the xy-plane, 1.2 mm below the lens’ back
face. b) Zoom into the centre shows a -3 dB focal spot size of around 200 um in
width.

cracks, permitting the placement of holes with the high packing density required
for photonic crystals. Thin walls of just 25 um separate the holes. As can be seen
in the higher resolution micrograph (Figure 3.7, Right) the sidewalls of the holes
are smooth with the visible roughness originating from the grains of the ceramic
material. This is, therefore, the best achievable surface finish. Since the grain size,
measured in SEM micrographs, is less than 1% of the wavelength at 1 THz this will

have no influence on the performance of the components.
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Figure 3.7: Top: Micrograph from an array of holes on a hexagonal lattice suitable
for use as a THz photonic crystal. The thin sidewalls with no cracks on the surface
show the high packing density required for photonic crystals, is possible. Bottom:
Zoomed micrograph on the second hole from the right. The smooth sidewalls show
the grain structure of the material and no machining marks are visible, proving the
surface finish is of suitable quality for THz photonic components.
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3.1.2 Traditional bulk components: Ceramic prism

For many optical components, such as lenses, the absorption of a material does
not have a great impact on the performance of components as the optical path
length (OPL) is only a few mm. This changes for bulk components, such as prisms,
that often require an OPL in the order of cm. This means that the performance of
the components is heavily impacted by material losses which is one of the reasons
why standard optical components are still not as readily available for THz frequen-
cies as they are for other parts of the spectrum. While prisms made from polymers
such as PTFE do have a low enough absorption coefficient, their low refractive
index results in a small operational range of angles and makes them less suitable
for certain applications, such as prism coupling to plasmonic devices. The isosceles
prism used here has a base length of 25 mm and a vertex angle of 90°. This prism is
intended for Attenuated Total Reflection (ATR) measurements and, therefore, the
incoming beam reflects from the base at most incident angles, thus most standard
prism characterisation methods, e.g. measuring the minimum deviation angle, are
impossible. As the requirements for a prism, such as size and shape, and, there-
fore, the optical path length, are highly dependent on the application, here the
dispersion is demonstrated to show the function of the prism. The measurements
have been conducted with the THz VNA in an angular setup, where the incident
beam is kept at a fixed angle and the exit angle is scanned in 0.1° steps to find the
maximum transmission for the respective frequency as shown in fig. 3.8.

The incident, collimated beam has a diameter of 5mm and a slot aperture with a
width of ~ 2mm is used on the receiving side to increase the angular resolution.
Figure 3.9 shows that over a range of 0.78-1.07 THz there is only an angular dif-
ference of 1.3°, which reflects the low dispersion of the material.

While the calculation of the Abbe number, a measure for the dispersion of a mater-
ial, is standardised in the optical region [69], there is no standardisation available at
THz frequencies. However, it is possible to calculate the Abbe number in a similar

way. As the ratio in wavelengths of the used Fraunhofer lines in the optical re-
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Figure 3.8: Schematic of the measured dispersion of the prism with the different
refraction angles for 0.78 THz (red), 0.92 THz (green) and 1.07 THz (purple) indic-
ated. The overall measured deflection through dispersion in the frequency range is
very low with only 1.3° difference.
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Figure 3.9: Angular resolved measurement of the ceramic prism at an incident
angle of 16°. 2mm slit apertures are used to increase angular resolution.

gion (480mm/648.1 nm ~ 0.74) is similar to ratio of the wavelength available with
the VNA (280 um/384 um ~ 0.73), the resulting Abbe number can be directly
compared to those of prisms in the optical region as the span the same relative
frequency range. To calculate the Abbe number, the refractive indices at the same

frequencies for which the angles were measured are used as the long wavelength
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(lowest frequency, 0.78 THz), centre wavelength (centre frequency, 0.925 THz), and
short wavelength (highest frequency, 1.07 THz). The refractive is determined in
the same manner as before, but this time using a 26.25 GHz window (which cor-
responds to 151 points of the 2001 measurement points for the whole instrument
range) instead of the whole frequency range, and the equation for the Abbe number

is
Neentre — 1 2.64—1

= ~ 41. 3.1
Niong — MNshort 2.66 — 2.62 ( )

Vve,THz =

With an Abbe number of 41, the material would be classified as flint glass, which
is arbitrary defined for values up to 50 or 55, depending on the definition, and
means that Shapal would be placed in the category of materials with a higher dis-
persion. However, it is worth mentioning that this classification is for materials in
the optical region, which all have refractive indices below 2, and that there is a
general tendency for the Abbe number to decrease with increasing refractive index,
i.e. materials become more dispersive as their refractive index increases. As such,
no crown glass (Abbe Number above 50 or 55) with a refractive index above 1.8 is
available within the range of common optical materials and glasses with a similar
Abbe number as Shapal, such as Lanthanum Dense Flint (LaSF31), have refractive
indices of less than 1.9. Therefore, Shapal has a comparatively low dispersion for
its high refractive index.

In summary, the low attenuation coefficient, high refractive index and low dis-
persion for its refractive index makes Shapal interesting for bulk components for
coupling or spectroscopic experiments, where the used material of the optical com-

ponents is intended to have as little influence on the experiment as possible.
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3.2 THz Wave Plates

In this subsection, THz wave plates are discussed, which are optical devices that
can alter the state of polarisation. An illustration of the principle of operation
can be seen in Figure 3.10. After discussing the general principles of wave plates,
the concept of high-contrast grating (HCG) is introduced as a possibility to real-
ise broadband THz wave plates. This is followed by simulation and experimental
results.

As with many standard optical components, wave plates for THz frequencies have
limited availability. While there are commercial suppliers available that offer
crystal-based broadband wave plates, they are made to order with long waiting
times and are expensive. Therefore, finding a way to produce wave plates for the
desired frequency range is desirable.

Waveplates are used to transform the polarisation state of radiation. They are
optical components that introduce different retardation along one of their axes,
the axes are therefore called the fast and slow axes, with the slow axis introducing
larger retardation than the fast axis. Both axes are usually orthogonal to each
other, and both axes are orthogonal to the direction of propagation as depicted in
Figure 3.10. The two most common wave plates are quarter and half-wave plates.
As the name suggests, a quarter-wave plate introduces retardation of a quarter of a
wavelength on its slow axis while the half-wave plate introduces a half wavelength
retardation. This means, quarter-wave plates can be used to change the polarisa-
tion from linear to circular and vice versa while a half-wave plate is used to rotate
a linear polarisation by 90°, changing it from p- to s-polarisation (and vice versa).
The retardation itself can be introduced by different means. Non-symmetrical
crystals can exhibit different refractive indexes along their different axes. If the
thickness of the crystal is chosen carefully, this can introduce the desired difference
in optical path length for the slow axis. As one can imagine, the difference in

path length can only be achieved for a narrow frequency window. Therefore simple
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Optical axis

Direction
of propagation

Figure 3.10: Illustration of the principle function of a wave plate. The incoming
light is polarised at 45°when entering the crystal. As the light parallel to the optical
axis propagates slightly slower through the crystal, the polarisation changes so that
the polarisation is rotated by 90°when the light exits the crystal at its far side.From
[70].

crystal wave plates have a single operating frequency specified. By using dispersive
crystals, the frequency range can be extended, and broadband waveplates are made
out of carefully matched stacks of different crystals so that uniform retardation is
introduced over a broad frequency range [71]. An alternative and relatively new
concept are HCGs [72]. While crystal plates have been available for decades and
are used in classical optical experiments, HCGs are developed for integrated opto-
electronics and can be as thin as 15% of the operation wavelength [72]. Gratings
are very common optical components, but usually, gratings with a grating period
either much larger than the wavelength or much smaller than the wavelength are
used. HCGs operate in the regime in between, where the period lies between the
wavelength in the material and the wavelength of the surrounding material. This
fairly unexplored regime has been shown to produce compact components with high

reflectance [73], selective transmission [74] or the possibility to produce waveplates
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3.2.1. Physical Background

which depend on the geometry instead of the material properties [75] .
Metamaterials have also been demonstrated as wave plates [76, 77]. However, by
nature, metamaterials only operate in a narrow frequency range, making HCGs an

attractive option for THz wave plates.

3.2.1 Physical Background

Optical gratings are well understood in the diffracting regime, where the wavelength
is smaller than the grating period [78, 79] and the deep-subwavelength regime,
where the wavelength is much larger than the grating period [80]. For near-
wavelength gratings, the common approximations such as ignoring the electromag-
netic field profile inside the grating cannot be used as for the previously mentioned
regimes. A rigorous formulism exists for these gratings [81-83], and so do simpler
analytic solutions for specific cases [84-86]. Demonstrated devices in literature are
commonly simulated. Here, FDTD simulation are used for the design, therefore the
behaviour is described phenomenologically, but a complete analytical formulation
can be found in [72]. The main difference of THz HCGs to those demonstrated for
significantly shorter NIR and optical wavelengths is that free standing, self sup-
porting gratings can be fabricated. Therefore, the material contrast is between air
and whichever material the grating consists of , making even lower refractive index
materials like polymers suitable.

Figure 3.11 shows a schematic of an HCG. The structure is polarisation sensitive
due to the one-dimensional periodicity. Incident light propagating in the z-direction
with E-field polarisation along the grating bars are referred to as transverse elec-
tric (TE) and transverse magnetic (TM) if the field is polarised perpendicular to
the bars. Only normal incidence is considered here for simplicity.

The bars of the grating can be considered as a periodic waveguide array along the
z-direction. If a plane wave is incident waveguide modes are excited, which depend
on the geometry and refractive index of the material. The near-wavelength dimen-

sions and high index contrast cause only two of the modes (T'Ey and T Es and
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Figure 3.11: Schematic of an High Contrast Grating. A wave propagating in the
z-direction is incident on top of the HCG. The grating extends quasi-infinitely
into the y-direction and has a quasi-infinite number of periods in x-direction. The
grating has a period between bars, p, the bars have a width, d, and a thickness,
t. The contrast is between refractive indices of the surrounded air ng = 1 and the
bar material, n.

T My and T M, respectively) to have real propagation constants in the direction of
propagation. The operational bandwidth is equal to this dual-mode region where
the two modes overlap, as seen in Figure 3.12, and, as the refractive index contrast
increases the spacing between modes, increases with the material contrast. The
two modes will be reflected from the bottom face of the grating. The higher-order
modes are below the cut-off when the grating is correctly designed and, therefore,
will have the form of evanescent surface-bound waves. The modes obtain a phase
difference while travelling through the grating which is dependent on the thickness
of the HCG, making it one of the most important design parameters which also de-
termines if an HCG acts as quarter- or half-wave plate. Due to the strong mismatch
between the two guided waves, the reflections at the bottom surface do not only
reflect back into themselves but also couple to each other. The same will occur with
the reflection at the incident plane. Following the mode through a round trip leads
to the solution of the reflectivity. At both surfaces, the modes also transmit out
of the HCG, however, due to the subwavelength period only the zeroth diffraction
order carries energy, which are plane waves. This purely zeroth-order behaviour is
a significant factor that dominates the properties of the HCG.

To maximise reflection, the thickness of the HCG is chosen so that destructive
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interferences occur at the exit plane, therefore cancelling transmission. For max-
imum transmission, the thickness is chosen so that the incident wave and reflected
wave are in phase. A matched interference leads to spatial overlap of the wave-
guide mode with the incoming wave which is a complete impedance match, thus
no reflection occurs. For high-Q resonators, the thickness is chosen such that con-
structive interference is obtained at both input and exit planes. In this case, the
modes are strongly coupled to each other and a wave will propagate back and forth
many times, resulting in a high-Q resonator. As for wave plates, the phase mis-
match between the TE and TM modes has to be brought to the desired value while
maximising transmission of both TE and TM modes. Since this is not a clear case
of choosing the parameters to fulfil the required boundary conditions as for the
components with maximum transmission or reflection, being a trade-off between
the transmission for TE and TM modes while also maintaining the phase difference
between the two, simulations are a more suitable approach for the design of such

components rather than trying to find analytical solutions.
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Figure 3.12: Dispersion curves of a single slab waveguide (dashed) and waveguide
array modes (solid), for the same bar width d and index nr , 5 being the z wavenum-
bers. Between the two light lines, the dispersion curves of the waveguide array
modes are nearly identical to those of the single slab waveguide [87]. Below the
air light line (> w/c) there is a discrete set of modes due to subwavelength grating
periodicity. wea and weq are the cut-offs of the T'Ey /T My and the T'Ey/T My modes,
respectively, and between them, the grating operates at a dual-mode regime. For
HCG with surface-normal incidence, only the even modes need to be considered.
The TE condition is plotted in (a), and TM in (b). In this calculation, d/p = 0.6 ,
n = 3.48 . From [72].
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3.2.2 FDTD design process

For the fabrication, two different manufacturing techniques, 3D printing and laser
cutting, are used and, hence, two different design algorithms are employed. 3D
printing theoretically offers complete freedom in the design with no limitations on
thickness, bar width and pitch. As the theoretical feature size of the 3D printer is
> 10 pm, this is an order of magnitude smaller than the feature size required to
create sub-wavelength gratings which are meant to have width on the order of the
wavelength within the material \/n < 300 um. Therefore, the goal of the design
process is to obtain as large as possible bandwidth while keeping the thickness as
small as possible to reduce material losses. To do this, the pitch, p, and bar width,
d, are swept over a range of values while keeping the thickness constant. The res-
ults are plotted to identify suitable candidate designs which show the desired 90 ©
phase shift. Results of such a sweep for the d parameter for a given thickness and
pitch can be seen in Figure 3.13.

The design process is similar for the laser cut samples, but the geometrical re-
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Figure 3.13: FDTD simulation showing the phase difference between TE and TM
polarisation for a 3D printed structure with a thickness of ¢ = 700 um, a pitch of
p = 220 pm and varying bar widths. The red line indicates a 90° phase difference.
The graph shows that a component with a bar width of d = 130 um has the
desired phase shift between ~0.8 THz and ~ 1 THz, meaning it has an operational
bandwidth of around 200 GHz.

strictions of the manufacturing method have to be accommodated. The restrictions

arise from the material thickness of the available substrate (1 mm), the minimum
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cut-width of the laser (125 ym) and the minimum required pitch as melting occurs

during manufacturing.

3.2.3 Results

First the results of the 3D printed structures, shown in Figure 3.14, are discussed,
followed by the results of the laser-cut samples. At the end the operational band-
width of both structures is compared with a simulated silicon structure which

provides a higher material contrast.

Figure 3.14: 3D printed HCG samples with their support structures.

Figure 3.15 shows the phase shift produced by a 3D printed structure with the geo-
metric parameters p = 220 ym, d = 90 um, t = 300 ym. An operational bandwidth
of 200 GHz centred at 900 GHz is expected from simulation. It is apparent that
the operational bandwidth with the desired phase shift of 90° + 10° is considerably
smaller at approximately 50 GHz.

This is caused by residual resin in between the bars. Due to the surface tension
of the resin and the small gaps between the bars, the resin cannot be entirely re-
moved. The residual resin effectively shortens the length of the waveguides, hence
changing the phase difference between the TE and TM polarisation. Additionally,
through the shortening, the phase does not show the desired plateau. Different at-
tempts were undertaken to remove the resin, e.g. by blasting with a nitrogen gun
or the removal in an ultrasonic bath with isopropanol, but ultimately remained
unsuccessful. Increasing the pitch to increase the gap size was also attempted up

to a pitch of 400 pm, but did not improve the removal of excess resin. A further
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Figure 3.15: The phase difference between the TE and TM polarisation of a 3D
printed sample with the geometric values (p = 220 um, d = 90 um, ¢ = 300 pum).
The green area highlights the +10° tolarance for the operational bandwidth.

increase of the pitch would deteriorate the operational bandwidth to a similar value
to the components with residual resin and was therefore not pursued.

As mentioned before, one of the challenges for laser machining PTFE, or any poly-
mer for that matter, is heat dissipation. As the bars of the grid are made of thin
“wires” of PTFE, melting turned out to be a significant challenge during the fab-
rication and ultimately limited the minimum feature size. An example of this can
be seen in Figure 3.16.

This limited the pitch, p, to a minimum value of 400 ym, and the bar width,
therefore, being p minus the minimum cut width of 125 um to d = 275 pm. With
this geometrical parameters, the cut-off of the desired dual-mode region is lower
than the target frequency range. This means the component operates in the less
desirable multi-mode region, as opposed to the dual mode frequency range, where
the plateaus for the phase are harder to achieve, which reduces the operational
bandwidth. Therefore, a single grating could not achieve the desired phase shift of

90°, but this issue can be simply circumvented by stacking the grids. The phase
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Figure 3.16: Photo of two laser-cut PTFE HCG wave plates. While the left wave
plate has straight bars, the right one shows considerable warping of the bars which
are melted together at some spots.

difference between the fast and slow axis of such a stacked of three grids is shown
in Figure 3.17.

It can be seen, that overall the spectrum is considerably flatter than that of the
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Figure 3.17: Measured phase difference of a stack of laser-cut PTFE wave plates
with the geometric parameters (p = 400 pm, d = 275 pm, ¢t = 3000 pm). The wave
plate has an overall larger operational bandwidth of almost 0.257TH z between ~
0.83 THz and ~ 0.98 THz, albeit with some small dips where the phase difference
exceeds the +10° desired accuracy.

3D printed component and a large part of it lies in the region of the desired region
of 90° + 10°. Neglecting the few dips that exceed the desired +10° tolerance, the

component has an operational bandwidth of approximately 150 GHz. This is a

99



3.2.8. Results

threefold improvement compared to the 3D printed devices. Despite being more
than 4 times thicker than the 3D printed HCG, due to the significantly lower atten-
uation in PTFE, the absorption of the PTFE stack is still comparable to that of the
3D printed wave plate with both showing values of less than 3 dB. When comparing
the measurements of the laser-cut HCG stack in Figure 3.17 with a simulation of a
single wavep late with identical thickness, as shown in Figure 3.18, it can be seen
that the operational bandwidth and centre frequency are in good agreement, but
there are some additional features. The most striking difference beeing the peak at
1.05 THz. These differences can be explained with misalignment of the stack layers
ant potential effects of the interfaces.

Overall, it can be summarised that both fabrication techniques reach their limit-
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Figure 3.18: FDTD simulation of a PTFE HCG with identical geoemtrical para-
meters to the stack shown in Figure 3.17 (p = 400 pym, d = 275 pm, ¢t = 3000 pm).
The operational bandwidth of approximately 150 GHz of the simulated structure
matches with the measurements of the HCG stack.

ations to produce feature sizes that are required for components with operational
frequencies around 1 THz, at least with the available equipment. There are mul-

tiple possibilities to increase the operational bandwidth further. For the 3D printed
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samples, the obvious approach is to find a method to remove the resin or a printer

that does not face this issue. For the laser-cut wave plates, the period and bar

width have to be reduced. This would be possible with a better laser cutter that

allows better control over the laser power and duty cycle. However, even then, sim-

ulations show that the operational bandwidth will be limited to less than 300 GHz.

This is mostly due to the low refractive index contrast to air of the used plastic ma-

terials. To increase the material contrast, a material such as HRFZ could be used.

Simulations for such a component are shown in Figure 3.19, where the operational

bandwidth exceeds 0.5 THz. Alternatively, using machinable ceramics might also

be a way to increase bandwidth while still having robust components at a low price

point.
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Figure 3.19: FDTD simulation of a silicon HCG with a thickness h = 100 pm and
grating spacing of p = 100 um and gap of d = 50 um Due to the higher refractive
index contrast, the operational bandwidth exceeds 0.5 THz.
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3.3 Conclusion

Various novel materials and fabrication methods for THz optical components were
studied. First, multiple low-cost ceramics were tested for their use as optical mater-
ials at THz frequencies. Shapal, an AIN and BN based ceramic, exhibits the lowest
losses of the tested materials with o 7.=0.4cm™, which is even lower than pure
AIN and BN that have been reported with values of o 7pm.=1-3cm™, but adds
vast shaping capabilities for optical components as it is a machinable ceramic. The
silicon based ceramics, Macor, a Si0Oy based mixture, and SiC on the other hand
exhibited high attenuation coefficients (o 7g,>20 cm‘l), which is a magnitude of
order higher than their crystalline counterparts and renders them unsuitable for
optical components. But Shapal has the potential to fill the gap between low-
performance plastics with refractive indices n<2 and the high-performance, but
very expensive, HRFZ-Si (n~3.42), as a material of choice for THz optics. Shapal’s
refractive index lays in between these materials with n=2.65 and has superior mech-
anical properties, like being more resiliant than plastics and better machinable than
silicon. It’s Abbe number is determined to be approx. 41, which means it has a
low dispersion for its high refractive index, when compared with materials in the
optical region. The micro-machining of a Fresnel lens with minimum feature sizes
in the order of the smallest available milling head of 30 ym is demonstrated and
the drilling of holes down to a diameter of 100um for photonic components in the
ceramic is discussed. A ceramic prism, as an example for a bulk optical component,
has been presented, which showed that the material’s absorption is low enough for
cm sized components. The results indicate that ceramic optical components are
likely to be used in future industrial THz applications, as they are resilient, com-
pact and cheap.

Following this, THz wave plates based on high-contrast gratings (HCGs) fabricated
with low-cost additive and subtractive techniques, 3D printing and laser cutting

respectively, were discussed. The limitations of the different fabrication techniques
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to reach the required feature size of <300 ym for frequencies of around 1THz is
discussed. Polymer based components with a broad operational bandwidth of up to
300 GHz centred at 0.925 THz are simulated. However, it can be seen that the tar-
get frequency band around 1 THz requires too small feature sizes to produce wave
plates with 3D printing and laser cutting comfortably, pushing the techniques to
their limits for their individual reasons. The 3D printed wave plates had an reduced
operational bandwidth of 50 GHz due to excess resin which cannot be removed
between the structure’s bars. This residual deteriorated the waveguide modes in
the structure in an unpredictable manner as the resin was unevenly distributed
within the HCG and hence the design could not be adjusted for the residuals to
improve performance.

The laser-cut wave plates could not reach the required feature size, despite the
theoretical minimum line width of 125 ym, due to melting of the polymers. Hence,
the dual-mode region which is desired for HCGs, could not be achieved but per-
formance still improved compared to 3D printed structures and an operational
bandwidth of almost 150 GHz was achieved with components that operate in the
multi-mode region. Nevertheless, the results show potential for components for
the lower frequency THz communication band around 300 GHz produced with cur-
rently available techniques. The minimum feature size of most commonly available
3D printer and laser cutters should allow the fabrication for the communication
frequency band, while a further improvement in these fabrication techniques over
time might enable components for higher frequency bands as well. For higher
frequencies, clean room based manufacturing methods could produce components
suitable for the spectrum at 1 THz and beyond. Simulations for such components
show that the operational bandwidth would increase to 500 GHz centred around
0.9 THz due to the higher material contrast of the high refractive index silicon to

air.
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CHAPTER 4

Photonic Crystals Cavities for
Enhancement of THz

spectroscopy

This chapter will discuss the design process for THz photonic crystal cavities. After
introducing the physical background, the influence of realistic geometric and mater-
ial constraints on the quality factor is discussed. Following this, an application for
the cavities to enhance the sensitivity of chemical sensing in liquids is explored, and
this concept is subsequently extended to a concept for lab-on-a-chip spectroscopy

systems by integrating it into a waveguide.

4.1 Introduction

Photonic crystals are periodic structures which affect photons in a similar to the
manner in which the ionic lattices of crystalline materials affect electrons [51]. They
are commonly made out of dielectric materials, but the concept has been extended
to metallic structures in recent years [88-90]. While there are naturally occurring
examples of photonic crystals, for example in the form of opals [91], or even biology

[92], they have been undiscovered until the 20" century due to their nanoscopic
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nature. The first description of simple structures that could be regarded as pro-

9" Century by Lord

totypes of photonic crystals was made at the end of the 1
Rayleigh [93] who reported on a stack of materials that could exhibit a bandgap —
a frequency region where light is not permitted to propagate in the material. This
is the simplest example of a photonic crystal, as it will only exhibit the bandgap
behaviour along the axis in which the material is stacked and is therefore called
one dimensional. It took another century to describe this behaviour in full with
electromagnetic field theory [94] and even longer for an experimental realisation
[95, 96].

Long before this, one-dimensional versions, so-called Bragg reflectors have been
known and widely used in technology, for example for distributed-Bragg-reflector
lasers [97, 98]. With the rise of nanophotonics, interest in two-dimensional photonic
crystals has increased [99-101]. Both, the one and two-dimensional variants are
still of more significance for applications than the three-dimensional version, as
their simpler manufacturing process is more compatible with cuyrrent technology.

An illustration of all three varieties is shown in Figure 4.1.

The mathematical description of photonic crystals usually involves Maxwell’s

i

Figure 4.1: Illustrations of 1, 2 and 3 dimensional photonic crystals . The photonic
band structure exists in the direction of the periodicity, indicated by the arrows.
Based on [102].

Equations to take into account the (discrete) translational symmetry that the
photonic crystals exhibit so that they can be treated as Bloch waves and eigen-
value problems. As the photonic crystals to be presented in this chapter have been

designed solely using FDTD simulations, a complete derivation of the underlying
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mathematical theory will not be presented, but it can be found in Joannopoulos
et al. [51]. However, here some of the fundamental behaviours that arise from
the mathematical part, especially regarding the symmetry, are considered as it is
necessary to understand some of the behaviour observed during the simulations,

for example the influence of the finite height and the vertical modes.

4.2 Physical Background

4.2.1 Distributed Bragg Reflectors — An example of 1D photonic

crystals

The concept of photonic crystals is easiest to comprehend when looking at the one-
dimensional case, such as distributed Bragg reflector (DBR). In this simple case,
it is possible to understand photonic crystals in terms of interference and geometry
rather than relying on the more complicated Maxwell equations and eigenvalues re-
quired for a general and complete description. DBRs are one-dimensional photonic
crystals which serve as mirror structures. Hence, they are also known as Bragg
mirrors and consist of a sequence of layers with alternating refractive indices, ex-
hibiting symmetry along one axis. The thickness of each layer is chosen in a way
that the multiple reflections from each layer combine with constructive interference
for certain wavelengths. Therefore, a stack of multiple layers can act as a high-
quality reflector. To achieve this, the thickness has to be chosen in a way that the
optical path length (OPL) fulfils Bragg’s law for constructive interference, which

is designed for scattering at crystal lattices [103].
2asin © = mA, (4.1)

where a is the spacing between the planes of the atomic lattice, © is the angle of
incidence, m is an integer and A is the wavelength of the incident radiation. To
apply this formula to a system consisting of layers of materials, the spacing between

the planes needs to be replaced with with the OPL, which is defined for a medium
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with a constant refractive index as
OPL = nd = a, (4.2)

where d is the thickness of the layer. Furthermore, only half a wavelength is required
for a standing wave with constructive interference and, assuming normal incidence

and m = 1, Equation (4.1) simplifies to

== 4.
n=Z, (43)

as the equation for the thinnest possible layer required to achieve constructive
interference. So, every single layer has to be a quarter-wavelength in (optical)
thickness. For a mirror structure, one of the most important properties is its
reflectivity, R, which specifies the fraction of the incident electromagnetic wave
that is reflected, with a perfect mirror having a value of R = 1 , which means
that no energy is transmitted or dissipated. However, for most of the materials
used to produce Bragg Mirrors, the reflectivity of a single layer is not unity and
this is why several layers of two different materials are stacked to achieve a higher
reflectivity. For this reason, a Bragg mirror is also called a quarter-wave stack.
While the reflectivity for a stratified medium can be expressed by a complicated

formula [15], it can be simplified for normal incidence, at a given frequency, to

2
R [non,%N — ntn%N]

4.4
non%N + ntn%N ( )

where ng, n;, np and n; are, respective, the effective refractive indices at the centre
wavelengths of the frequency in originating medium; the low, and, high refractive
index materials the stack is made of and that of the terminating medium. N is the
integer number of pairs of layers in the stack.

The bandwidth Awgy of the DBR is dependent on the refractive indices differences
and is

4wy, ny — Ny

arcsin

AWO = )
ny +ny

(4.5)

where w, is the centre frequency of the stop band [104]. In photonic crystal terms,

the stop band is a result of the photonic band gap, the region of the energy diagram
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4.2.1.1. 2D Photonic Crystals

where no states are allowed, as shown in Figure 4.2.

From a fabrication perspective, one dimensional photonic crystals are often pro-
duced by stacking multiple coatings on top of each other (e.g. anti-reflective coat-
ings or dielectric mirrors) or by growing alternating layers of semiconductors, e.g.
in semiconductor lasers. For optical components large-area coating techniques like
Chemical Vapour phase Deposition or sputter coating are used while the semicon-
ductor structures are grown in the same process as the active, optical components

with Molecular Beam Epitaxy or Metal Organic Vapour Phase Epitaxy.
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Figure 4.2: Photonic band structure of a distributed Bragg reflector with 7 periods
simulated using the plane wave method. The red area marks the band gap. From
[105].

4.2.1.1 2D Photonic Crystals

A two-dimensional photonic crystal comprises a periodic pattern made out of two
or more different dielectric materials in two dimensions and is quasi-infinite in the

dimension without periodicity. For certain combinations of periodicity and dielec-
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tric material constants, the crystal can exhibit a photonic band gap within the
plane of the periodicity, which prevents light from propagating in any direction
within the plane. In contrast to the 1D case, it is possible to define transversal
electric (TE) and transversal magnetic (TM) modes in a two-dimensional struc-
ture. Both will be influenced differently by the lattice, which means that there are
structures which will exhibit band gaps for only one polarization, such as cubic
lattices, while some structures have a complete band gap for all polarizations, such
as certain hexagonal lattices. Two-dimensional photonic crystals can be produced
with photolithography, as it is commonly done for nanophotonic components, but

drilling of lattices of holes is also known for longer wavelengths [106].

4.2.1.2 Defect states

Just like crystals, especially semiconductors, photonic crystals can have different
forms of defects as well; and, just like semiconductors, photonic crystals can have
defect states in their bandgap. The defect state arises from the break in symmetry
and, subsequently, the formation of a mode which allows light of a certain frequency
to propagate through the crystal. This can be used. For example to emit or select
frequencies for spectrometry or in a laser. The defect state is usually designed to be
in the region of the stopband and has a reflectivity of R < 1, as shown in Figure 4.3.
In a 1D structure, this defect is often a single layer with different thickness. In a
2D lattice, such a point defect can serve as a cavity when sized correctly.
Different defects can serve different functions. For example, a line defect in a 2D
photonic crystal can serve as a waveguide, allowing light to propagate along the

defect while being confined by the periodicity that surrounds the defect.

4.2.1.3 Photonic Crystal Slabs

While the quasi-infinite nature usually employed in the theoretical description signi-

ficantly simplifies the mathematics involved, such structures are often not realistic.
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Figure 4.3: Schematic of a reflectivity spectrum of a Bragg Mirror with a defect
state in the middle of the stop band.

A simple example of this would be a photonic crystal fabricated on a substrate
which has a thickness which cannot be considered infinite. These changes from
the ideal case introduce another break in symmetry and can significantly deteri-
orate the bandgap, which means that energy states are available in the previously
forbidden range which reduces the width of the bandgap and possibly couples to
intentional defect or guiding modes, resulting in losses. For THz wavelengths, a
quasi-infinite structure would result in many-millimetre thick photonic components
which would not only be counterproductive to any attempts at miniaturization but
may also pose problems in the sourcing of materials, such as silicon wafers. This
means any photonic crystal has to be carefully designed and optimized for a given
thickness to minimize losses.

The ideal slab thickness is highly polarization-dependent. If a slab is too thin, the
electric field extends outside of the slab. Hence, modes are weakly guided or not

at all. In this case, the wave propagates mostly in the uniform surroundings, and
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4.2.1.83. Photonic Crystal Slabs

the periodicity becomes irrelevant. For very thick slabs, band gaps form (as for the
infinite case) but additionally higher-order modes with a vertical orientation can
also form and populate the bandgap, again resulting in a reduction or deterioration
of it. Under these considerations, it becomes apparent that the ideal slab thickness
is somewhere in the order of below a wavelength and up to a few wavelengths,
depending on the refractive indices of the materials the crystal consists of. This
would make the slab thick enough for the fundamental mode to be well confined
and to experience the periodic nature of the slab, while also being thin enough to
prevent higher-order modes from forming. The ideal thickness, therefore, is highly
dependent on the dielectric constants involved, as the effective wavelength depends
on the material that the wave propagates in.

A significant difference, however, is the influence on the polarization. For TE-like
modes, the thickness is determined mostly by the higher permittivity dielectric
material, while the lower permittivity dielectric material dominates the TM-like
modes. Therefore, TE hole structures ideally have a smaller thickness than TM
rod structures. To illustrate the influence of the slab thickness on the functionality
of a photonic crystal, one can look at the width of the photonic bandgap. The
bandgap reduces by up to 72% of the quasi-infinite case even for the ideal values
of the slab thickness [51].

While it is possible to imagine a self-supporting array of holes, this becomes more
difficult for rod-based photonic crystals, where a substrate becomes a necessity.
A substrate breaks the reflection symmetry of a free-floating slab, and previously
isolated modes will couple, resulting in leaky band gaps. This results in a loss

during propagation, ultimately limiting the use of the structure.
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4.3 Cavity Design of Photonic Crystal Slabs for the

integration of active THz Components

4.3.1 Introduction

Cavities are some of the most fundamental and essential components for many
optical applications. They are a basic requirement for key technologies such as
lasers or current scientific frontier topics such as exciton-polaritons [107]. The
quality factors of optical photonic crystal cavities exceed 107 [108] and are orders of
magnitude higher than at THz frequencies, which often do not exceed 10* [109, 110].
While the THz values are still relatively high, another aspect has to be addressed:
the integration of active components into a cavity. At optical frequencies, it is
often possible to integrate Bragg reflectors with the same technologies, for example
semiconductor Bragg reflectors [111]. The fabrication constraints caused by the
length scales involved for THz operation means that these concepts often cannot
be adapted. Therefore, cavities formed by photonic crystal slabs are discussed
which allow for later integration with different devices under realistic manufacturing
constraints. The design process first involves a maximisation of the Q factor and
addressing different material losses and the influence of geometric factors, such as
the finite structure size. Later on, this knowledge on how to adjust the quality
factor is used to address highly absorbing cavity fillings, as the high absorption has
to be balanced with a lower quality factor. The structures to be discussed here are
one dimensional Bragg stacks and two-dimensional rod or hole crystals consisting
of either HRFZ-Si, which is one of the preferred materials for THz applications
due to its low losses and high refractive index, or low-loss polymers, such as HDPE
or PTFE. The polymers have considerably higher absorption and lower refractive
index than Si, but offer more flexibility in fabrication at a significantly lower cost

point.
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4.3.2 Method of Quality Factor Extraction

The quality factor can easily be extracted from experimental results using the

Full-Width Half Maximum, A f, and the resonant frequency, fr, with

Q= fr/Af. (4.6)

Lumerical offers two different methods to extract the quality factor. For a low
Q resonator (up to values of hundreds), when extracting this value from FDTD
results, it is possible to simply wait until the electric fields are fully decayed and
the energy has dissipated, as seen in Figure 4.4, so the extraction is similar to that

of experimental results. For high Q resonators, this becomes more difficult, as the

Electric Field [a.u.]
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Figure 4.4: Exponential decay of the electric field of an optical photonic crystal
resonator. With a full, time-resolved decay, one can extract the quality factor from
the spectrum with confidence. From [112].

complete decay cannot be simulated using a reasonable amount of resources. This
leads to an error in the Q factor extraction, as the FWHM is inversely proportional

to the simulation time as long as the resonator is ringing

q

simulation

FWHM ~ (4.7)
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. A convenient way around this is by extracting the quality factor from the slope
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Figure 4.5: The envelope function of an electric field signal in the time domain.
From [113]

of the envelope function of the decaying electric field, as seen in Figure 4.5, as
this requires a significantly shorter simulation time. For this, the frequency in the
equation of the quality factor has to be expressed with a quantity related to the

electric field:
Wy

Q= FWwHM

(4.8)

Where w;, is the resonant angular frequency (w, = 27 fr). The decay of the electric

field in the time domain is described by
E(t) = e Mamiwny(t), (4.9)

with « as the decay constant. The Fourier transform is

1

|E(w)|2 T2 (—w —wyp)?’

(4.10)

The maximum value appears when the term in the parentheses disappears at w =

wy-. The value of the half maximum occurs at w = w,+«a and w = w, —a. Therefore,
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the FWHM can be expressed in terms of « as

FWHM = 2a. (4.11)
Substituting Equation (4.11) in equation Equation (4.8) gives
Wr

= @.
As the decay is now directly related to @, only the slope from the decaying

o (4.12)

electric field needs to be determined. Due to the exponential nature, this is most

easily done when a logarithm is applied to the function:

—wyt

2Q

logio(|E(t)]) = logio(e) = mt, (4.13)

where m is the slope. Solving for @) results in

—wrtlogio(e)
2m '

Q= (4.14)

In many applications, it can be challenging to separate the decay of the envelope
from other functions, especially in a multimode system where filtering and other
techniques are required. However, when single mode systems are investigated in
the following sections, the extraction is found to be straightforward using the tools

available in Lumerical.

4.3.3 Simulating Band Structures

FDTD simulation can also be used to simulate band structures. Commonly, these
simulations are performed on a single unit cell to find its band structure [114] and
further functionalities, such as cavities, are designed with transmission curves only.
However, analysing, for example defect modes in 2D photonic crystals with FDTD
is also known [115]. The main reason for this is that with the deviation from the
ideal case, for example non-infinite structures or defects, the simulation becomes

increasingly difficult and uncertain. Because FDTD relies on finding peaks in a
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discrete k-space for the band structures, the peaks of weaker or very narrow defect
modes, especially with high Q-factors can be challenging to simulate. However, the
tracking of the stronger bands, e.g. the highest dielectric band which forms the
lower boundary of the bandgap, are easier to track.

The simulation of band structues is based on Bloch’s theorem that states that

modes in a periodic structure can be written for the one dimensional case as
Ei(z) = e*uy(z), (4.15)

where wug(z) is a periodic function of x with a period of a. This means that

u(z + a) = u(x) and therefore, the Bloch’s theorem can also be written as
Ep(z + a) = e* Ey(z). (4.16)

The generalisation to more dimensions happens straightforwardly.

Bloch boundary conditions are used to calculate infinite periodic structures by
simulating a single unit cell or the smallest multiple that fits in the rectangular
simulation domain for a hexagonal lattice. To calculate the band structure, the
angular frequencies wy (k) are determined as a function of the wave vector k for
all Bloch modes in a given frequency range. The sources used are not particu-
larly important in band structure simulations as long as all modes of interest are
excited. The standard procedure for Lumerical is a randomly distributed dipole
cloud. For structures with non-rectangular lattice, these calculations are slightly
more complicated. To avoid issues with artificial zone folding caused by the rectan-
gular simulation domain and the non-rectangular lattice, matching dipole sources
are used in each unit cell. The matching dipoles must be in the same positions in

each unit cell, and the phase must be adjusted according to
AO = k- AT, (4.17)

where AO is the phase offset from the reference dipole, k is the simulation wave
vector and A7 is the position offset from the reference dipole.

The band structure is calculated in the following way: As a first step, the data from
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the electric field monitors are Fourier transformed with appropriate windowing.
The FFTs are summed up to include all resonant frequencies and therefore, modes.
This step is repeated for each value of k until the data set is completed. For each
k the different peaks are found and then extracted as points of the band structure.
The minimum peak strength and the number of peaks are selected in this step as

well.
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4.3.4 Photonic Crystal Cavity Design with Finite Extension

In this section, some basic cavity designs are introduced and how their finite ex-
tension influences the quality factor. The aim is to explore different geometries to
design cavities for later integration with other components.

All photonic crystal cavities consist of two stacks of layers flanking each side of a
defect. The defect is designed to have a cavity mode at ~1 THz. All of the proposed
structures are designed within the limits of realistic sample fabrication, such as ma-
terial dimensions and fabrication method-dependent feature sizes. Considerations
of finite thicknesses are taking into account, for example extension in the z-direction
as indicated in Figure 4.6, and number of layers to guarantee a close match with
experiments. The length in the x-direction is many wavelengths and can, therefore,
be considered infinite, whilst the height, i.e. the length in the z-direction, and the
length of the sample, the y-direction, are limited. The maximum possible height
for the different photonic crystals varies due to their different fabrication methods,
e.g. the drilling of holes in polymers is limited by the length of the drill, which
is as much as ~1.78 mm for @ : ¢ = 100 pm. Common fabrication techniques for
silicon photonic crystals, like deep reactive ion etching, are not dependant on any
tool size. Therefore the thickness of commercially available wafers 500 pm is used
in the simulation. The milling of the polymer rods has a stronger limitation, since
the commercial available milling heads have a limited aspect ratio, e.g. 1:6 for the
tools used in our lab, which significantly limits the maximum height. This leads to
a maximum feature height of several 100s pum, depending on the unit cell size.
Photonic crystals with band gaps for different polarisations were chosen in order
to investigate the feasibility of the concepts within the constraint of the limited
height. There are two different cases for when the electric field oscillates in the dir-
ection of the finite thickness, therefore being TM polarised, with the magnetic field
in the xy plane, rods structures offer a complete band gap as in Figure 4.6a. When
the electric field oscillates in the direction of the quasi-infinite axis and therefore

is TE polarised with the electric field in the xy plane, hole structures offer a com-
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Figure 4.6: a) Schematic of a rod photonic crystal with the geometric parameters
unit cell (a), rod diameter (r), defect length (d) and number of periods on each
side of the defect (N). b) Schematic of a hole photonic crystal which has the same
geometric properties as the rod structure of a) respectively. c¢) Photonic crystal
based on Bragg mirrors with a layer thickness t.

Table 4.1: Geometric parameters as indicated in Figure 4.6 and the height of the
structures (z) for photonic crystals operating at 1 THz.

n
Type | Material [ /ﬁn] [;7/; ] [ ,ucfn] [ /;n] Ql1THz
Rod HDPE 270 60 200 | 600 1.536
Rod PTFE 270 60 200 | 600 1.446
Bragg Si 104 24 320 | 500 3.418
Holes Si 64 20 60 500 3.418
Holes | HDPE 120 50 80 | 1700 1.536

plete band gap as seen in Figure 4.6b. Additionally, a structure which in theory
possesses no polarisation dependence was investigated (Bragg, Figure 4.6¢). Due
to their nature, the rods are considered standing on a substrate made out of the
same material while the other structures are considered to be self-supported. All
geometric parameters for the different samples are summarised in Table 4.1. The

Q-factors are extracted from the simulation as described in the previous section.

4.3.5 Discussion

The different types of photonic crystals need different approaches in their design.
It is known that the thickness of a photonic crystal slab can affect the band gap
size severely [51]. The effect on the band gap is due to shifting of higher order

modes in a non-infinite extended crystal. When these modes shift into the region
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of the band gap, they offer energy states which allow propagation within the gap
which results not only in a narrowing of the band gap but also in deterioration, or
even complete suppression, of the cavity modes. This observation is particularly
relevant for the rod type photonic crystals with their TM polarisation, since the
electric field oscillates along the length of the rods and their height limitation is on
the same order of magnitude as the wavelength. In addition, the finite extension
of only a few wave-lengths in y and z directions allows the formation of parasitic
modes for a certain number of layers which also corrupts the cavity mode. Due
to the large difference in the dielectric constant between silicon and air, compared
to polymer and air, the splitting between the energy bands is larger, resulting in
a wider band gap for Si photonic crystals. Yet the high dielectric constant also
results in a stronger influence on the critical slab thickness which leads to a narrow
range of slab thicknesses where a band gap can be maintained. This problem is
less apparent for the TE polarised hole structures.

The largest band gap for TE structures can be obtained by choosing the maximum
possible thickness which results in close agreement with the infinite extended model.
The more common design would be to choose a thickness of around half the effective
wavelength for a TE hole slab, but this would result in a very thin samples of less
than 100 um for the polymers and less than 50 um for silicon. As these samples
would be very fragile and potentially could not even support their own weight,
the maximum possible thickness was chosen, as this would be more feasible for
experiments and results in the highest quality factors.

For the results, only stronger cavity modes with a quality factor above 10 are
considered , as low quality factors are harder to observe, since the error for lower
quality factors is on the same order of magnitude as the quality factor itself. The
quality factors for all structures can be seen in Figure 4.7, where multiple different
behaviours can be seen that are discussed one by one.

The Bragg design suffers from an apparent deterioration of the cavity mode as it is

completely suppressed for more than 4 layers. For the TM polarisation, where the
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Figure 4.7: The simulated reduction of the quality factor due to parasitic modes
in the band gap can be seen in the periodic dips for the PC formed from holes in
silicon (orange). For the TE PCs, i.e. the rod designs, the finite size leads to a
degradation of the performance and results in a complete suppression for a number
of layers above 3. That this is a consequence of the design and not of the low
refractive index material is apparent, as the TM based hole structure of HDPE is
behaving the opposite way around. The parasitic modes are being suppressed with
an increased number of layers, enabling a high-Q mode to form (pink).

electric field oscillates in the dimension of the infinite extension, the quality factors
is five times lower with Q<20 than for the TE. As this is the structure type with
the weakest confinement within the photonic crystal slab (as the mode propagates
for large parts in pure air), the leakage is substantial with increased structure size.
Therefore, Bragg mirrors are not suitable for slab-like structures with thicknesses
on the order of wavelengths.

For the polymer photonic crystals, the rod designs outperform the hole designs
with considerably higher quality factors with a maximum of @ ~370 for even
a low numbers of layers (n < 3). However, at the same time, they only show
noticeable resonances for up to 3 layers indicating again weak confinement due to
internal reflection which increases due to the leakage into a substrate with the same
refractive index. The HDPE holes show a reversed picture to their rod equivalent.
They do not show a cavity mode for fewer than six layers. Above this value, the
quality factor monotonically increases up to a value of @) ~200, but only for even

numbers of layers. Odd numbers exhibited considerable losses resulting in almost
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complete suppression of the cavity mode. This effect is based on the shifting of the
dielectric band in which the cavity mode then radiates into and will be explained for
the silicon samples, where it gives rise to the sinusoidal shape. The effect appears
to be directly related to the substrate thickness, as it does not appear when the
thickness is halved.

The effect on the band structure, in dependence on the finite dimensions, can best
be observed with the silicon hole photonic crystal results. The silicon slab offers
good confinement and the high material contrast results in high reflectivities even
for a low number of layers. Figure 4.8 shows the simulated transmission with the
cavity mode for a structure with 2 layers.

It exhibits the highest quality factors with Qe ~2200, comparable to the values
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Figure 4.8: Simulated transmission spectrum of a silicon photonic crystal (hole
type) with two layers. The transmission of the cavity mode can be seen at ~ 1 T H z.

found in literature. The fact that the quality factor is not simply monotonically
increasing with the number of layers can again be explained with the parasitic
modes that leak energy from the resonant mode. As an example, the shift in

the highest dielectric and lowest air band of a silicon photonic crystal between a
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structure with 4 and 5 layers can be seen in Figure 4.9. The bands for the 5 layer
structures are shifted, offering energy states close to the cavity mode at ~1 THz,
in which energy is leaking into away from the cavity mode, which reduces the
quality factor. At 4 layers, the dielectric and air bands have a sufficient spacing
to the cavity mode and therefore the quality factor is higher. This explains the
sinusoidal shape in Figure 4.7 as every added layer slightly shifts the bands and
offers different coupling situations for the cavity mode, depending on the overall
size of the slab. Simultaneously, the overall quality factor increases because of the
increased reflectivity with number of layers.

This shows the importance of the consideration of all dimensions for a non-quasi
infinite photonic crystal. The different geometric parameters cannot be regarded
independently, for a photonic crystal with limited extension of few wavelength in

more than one dimension, as the modes are dependant in a nonlinear way on all

dimensions.
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Figure 4.9: Comparison between the band structures of silicon photonic crystals
(hole type) with 4 (blue) and 5 (red) layers. The 5 layer structure has shifted
energy bands close to the defect mode (green) and therefore a considerably lower
quality factor as a structure with 4 layers, as shown in Figure 4.7.
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4.4 Photonic-Crystal based Enhancement of

Terahertz Spectroscopy on Microfluidic Channels

4.4.1 Introduction

As mentioned in the introduction, THz technology promises many applications
in the field of chemical and biochemical analysis due to the excitation of inter-
molecular vibrational modes in large molecules. The vibrational resonances, and
their associated absorption, in the THz region, can serve as a material fingerprint —
leading to a clear identification. However, in a realistic scenario, many of the chem-
icals of interest are found in aqueous solutions. This is true for many biological
or biomedical applications as it is for possible quality control applications, e.g. in
agriculture, where concentrations of pesticides or insecticides, such as methomyl,
have to be monitored. Liquids, in general, represent a significant challenge for THz
measurement systems due to high absorption losses across the frequency range.
This reduces the signal to noise ratio of the instrument and can have a detrimental
impact on measurement sensitivity and detection limits.

In this section, it is proposed to address these issues by placing a microfluidic
channel in a photonic crystal cavity. While the combination of a microfluidic chan-
nel within a photonic cavity has been used in the optical region [116], a similar
concept has yet to be exploited for the THz regime. Cavity-enhanced spectroscopy
not only increases the sensitivity of the measurement, but also leads to the concept
of a low-cost THz fingerprint spectrometer which not only identifies substances
but also can quantify the amount of different substances in a mixture. To study
the enhancement effect of the cavity, the model of a simple photonic crystal was
chosen in the first instance consisting of two identical quasi-infinite HDPE Bragg
mirrors with a one wavelength long defect in the centre. The microfluidic channel
runs through the centre of the defect and carries the chemical under investigation.

A series of such devices could deliver a finger print of a material, each individual
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device being designed to have a transmission line at a different, specific frequency.
In combination with THz diodes, this would constitute a low-cost room temperat-
ure THz lab-on-a-chip device which is compact and robust enough for real-world
applications. Here, the simulation results from a single photonic-crystal-enhanced
microfluidic device are discussed to demonstrate the potential for increased sens-
itivity. Due to the high absorption of the liquid-filled cavity, it is important to
balance the enhancement and the transmission, which can be achieved through
tuning the Q factor with the methods from the previous section.

A schematic of the proposed device concept can be seen in Figure 4.10. The mi-
crofluidic cells are connected via tubes to an automatised syringe on one side and
a collecting vessel on the other side, allowing measurements of a continuous flow.
The design here is optimised to the frequency range of the Terahertz network ana-

lyser with a frequency range from 0.75 to 1.1 THz as used in Durham.

THz Spectrum

Hom
Antenna

H

Antenna

Figure 4.10: Illustration of the experimental setup. A syringe pumps the aqueous
solution (blue) into the microfluidic channel in the photonic crystal (purple). After
passing through the channel the liquid gets disposed of in a beaker. The horn an-
tennas of the network analyzer (grey) measure the photonic crystal in transmission
recording the spectrum.
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4.4.2 Design and Simulation of a Simple Bragg Cavity with
Embedded Microfluidic Channel

The Bragg mirrors which flank the microfluidic channel are formed from stacked
pairs of HDPE and air layers; each layer with a thickness of \/4. The A-sized defect
in the centre is also formed from HDPE and contains the microfluidic channel. The
20 pm wide microfluidic channel is located in the centre of the defect which is the
point of maximum electric field strength. The result is a photonic crystal, schem-
atically illustrated in Figure 4.11a, with a propagating defect mode at 0.85 THz,
in the centre of the band gap (Figure 4.11b). As an interesting example of a test
chemical, water and a 5% aqueous solution of the insecticide methomyl are used in
the simulations; methomyl has already been characterized in the THz region [117].
The permittivities used in the simulations can be found in Chapter 7. The simu-
lation results from the cavity are optimized with respect to the sensitivity of the
transmitted signal and power of the defect mode by maximising the change in sig-
nal between pure water and the aqueous methomyl solution while simultaneously
keeping the transmission above -30dB, as otherwise noise becomes a significant
factor during the readout.

To demonstrate the enhancement, the simulated change in transmission of a mi-
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Figure 4.11: a) Schematic of the photonic crystal with two identical Bragg Mirrors
at the top and bottom with N layer pairs flanking a defect with the microfluidic
channel in its centre. b) Transmission spectrum of the photonic crystal with 3 pairs
of layers in each Bragg mirror without a fluid present.
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crofluidic channel filled with pure water is compared to the same channel filled
with a 5% aqueous solution of methomyl. It can be seen in Figure 4.12 that the
simulated change in transmission for a plain microfluidic cell without any photonic
crystal is around 1% and therefore even lower than the amount of added material.
When the microfluidic channel is placed in a photonic crystal, the simulated change
in transmission increases with the number of layers of the Bragg mirrors, just as
two layers of photonic crystal on each side of the microfluidic channel increase the
change in transmission from ~1.3% to 4%; three layers have a maximum change
of 7%. But, simultaneously, due to the overall reduction in transmission with an
increasing number of Bragg mirror layers, the change in power reaches a turning
point for more than 5 layers (Figure 4.12 inset), meaning that other material losses
become dominant and the point of optimum balance between enhancement and
losses has been exceeded. Considering a realistic scenario where the signal has to
be kept at measurable levels, a cell with more than 4 layers is of limited interest
anyway, since the transmission drops to less than 1% posing a challenge to dis-
criminating any changes of signal in a realistic measurement scenario. This leads
to an optimal design of 3 to 4 layers in each Bragg mirror. But this still equals an
enhancement of the factor of above 6 for the targeted measurement equipment and

higher for more sensitive equipment.
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Figure 4.12: The simulated change in transmission through a microfluidic channel
filled with pure water is compared to the transmission through a channel with the
analyte, a 5% aqueous solution of methomyl. The change in transmission through
a channel located in a photonic crystal is larger than the change in a plain cell
(black line) and an increased number of layers leads to an increased change in
transmission. The power decreases if more than 5 layer pairs are used for each
Bragg mirror stack (inset).

4.4.3 Integrating cavity-enhanced microfluidic channels in

photonic crystal waveguides

While the enhanced sensitivity of spectroscopic measurements on microfluidic chan-
nels placed in a photonic crystal cavity has been shown in the previous section, the
quasi-infinite structure employed is lacking convenience for a real-world application.
It would be more convenient for an application to integrate the microfluidic channel
and its cavity with a photonic crystal waveguide which can be directly connected
to sources and detectors in a lab-on-a-chip device. As photonic crystal waveguides
that use resonant tunneling diode (RTD) have been already demonstrated around
300 GHz, and RTDs are more commonly available at these frequencies, it is the
logical step to adapt the design from the previous subchapter to these frequencies

for a demonstrator. The photonic crystal waveguide described by Tsuruda et al. in
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[52] has 72 pm holes in a hexagonal lattice with a lattice constant of a = 240 ym on
a 200 um thick substrate. The waveguide itself comprises a line-defect so that the
photonic crystals on both sides of the defect provide the confinement within the
substrate. The thickness of the slab and the contrast in refractive index provides
confinement in the plane of the substrate. While the waveguide can guide radiation
over a broader frequency range, only the range from 0.318 to 0.336 THz is suppor-
ted by a fundamental mode, and the higher frequencies are carried by higher-order
modes, resulting in higher losses [52]. There will be three different designs simu-
lated to integrate the cavity with the photonic crystal waveguides. The first one
being a cavity defect directly placed in-waveguide, as this is the most straightfor-
ward implementation of the concept from the previous subsection. As this first
design does not address the low-loss frequency domain, the second design uses a
larger cavity, which does, albeit with the trade-off of losing the single-mode prop-
erty of the first design. The third design is a circular cavity that is next to the
waveguide, which is coupling the evanescent field of the waveguide; this design has
proven to exhibit high Q-factors of 1600[118]. As a higher Q-factor also results
in higher losses when an absorptive medium is present in the cavity, the Q-factor

actually can be too high as will be discussed later.

4.4.4 Methodology for Data Extraction

Due to the multimode nature of some of the cavities investigated here, the previ-
ously described high-Q extraction method cannot be applied. Additionally, as the
introduction of the high absorbance liquid dampens the Q factor considerably, a
different method to evaluate the performance is required for the filled microfluidic
channels. Therefore, a variant of the low-Q extraction method is employed with
some limitations due to the high-Q nature of the simulations with empty micro-
fluidic channels. The transmission curves are obtained with FDTD simulation,
and the resonant nature of the cavities means that there is a trade-off to be made

between simulation time and the precision of the simulation, as described in Sec-
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tion 4.3.2. Hence, the simulations are ended before all the energy is dissipated due
to limited computational resources, which results in lower Q-factors.

Therefore, the Q-factors can be seen as minimum values, but the centre frequency
would not change with longer simulation times and it was ensured that the intens-
ity of the original electric field strength of the resonance falls under 10%, so that
a majority of the intensity is captured and the results are consistent. This coarser
value is necessary as the simulation domain size is significantly increased to account
for the photonic crystal waveguide. The simulation of the whole device, waveguide
and cavity, is necessary as the fundamental mode of the waveguide has to couple
to the cavity mode and this is the only way to account for this in simulation.
Consequently, an empty waveguide and cavity combination is first designed as the
simulations are significantly shorter with no fluid present, and the geometry para-
meters are swept over a wider range. Cavity size and defect position are changed
during those geometry parameter sweeps to find the maximum Q-factor in the low-
loss guiding-region of the waveguide. When an optimal design candidate is found,
the structure is simulated with a fluid present. The change in the transmission is
recorded as in the previous subsection. For the simulations with a fluid present, the
simulations are long enough so that the original electric field decays to less than
1%. This increases the accuracy of the results significantly which is necessary as

the quantity of the transmission is required to measure the enhancement.

4.4.5 Compact in-waveguide Cavity Design

The cavity of the compact in-waveguide design (Figure 4.13) consists of 3 holes
using the smae lattice and hole-size as for the photonic crystal waveguide, except
for the central hole which has a different size to generate the defect mode within
the stopband, and therefore hereafter is referred to as “the defect”. This particular
design has a connection between the microfluidic channel and defect, which is also
filled with liquid.

With this defect, it is possible to tune the resonant frequency of the cavity by
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Waveguide

Figure 4.13: Schematic of the in-waveguide cavity design. The microfluidic channel
(not shown) is placed in the centre and therefore connected to the defect hole.

changing the size of the defect hole. As Figure 4.14 shows, this works as expected
for defect sizes smaller than 72 pym hole size of the photonic crystal, where the
positioning of the defect mode (pulled down into the band gap from the airband),
directly correlates to the defect size. In theory, a larger defect should provide a
“push up” from a lower band mode, which would allow coverage of the rest of the
waveguide range. However, this is not the case, and none of the larger defect sizes
investigated of up to 112 pm showed a transmission within the defect region, which
might be explainable due to the more complex mode coupling structure mentioned
earlier, as the simple models with “push up” and “pull-down” come from idealised
(quasi-infinite) systems with single modes.

As Figure 4.14 also shows, the resonant frequencies of the cavities do not lie in
the ideal region of 0.318 — 0.336 THz. Usually, one would try to increase the lattice
constant between the individual defect holes to reduce the frequency, but in this
case, this leads to a multimode system. Even removing the defect hole completely,
which would represent the extreme case of the smallest defect size with a radius of

0 pm, does not lower the frequency enough to reach the desired frequency range.
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Figure 4.14: Simulated spectra for the compact in-waveguide design. The depend-
ency between defect size and resonant frequency is as expected: the smaller the
defect, the more the defect mode is “pulled down” (red curves). But even for the
smallest size of the defect of 0y m (green), which corresponds to the centre hole
missing entirely, the defect mode does not reach the desired region with the highest
transmission on the left of the waveguide (blue).

4.4.6 Large Cavity in-waveguides design

The cavity consists of two sets of holes, with the inner holes on both sides being
offset from the lattice and reduced in size, as seen in Figure 4.15. The cavity can
be tuned over its lattice constant a, hole offset dx and hole size reduction dr.

As the design space becomes more complex with three variables only two examples
for the influence of the factors of dz and dr are shown in Figure 4.16 besides the
design with the parameters used. Due to the more complex variable space, a design
with a high transmission defect mode in the desired region was chosen, for which

the geometric parameters were optimised using the built-in particle swarm method
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Figure 4.15: Schematic of the large cavity in-waveguide design. The geometric
parameters to tune the resonant frequency are indicated. a: lattice constant, dx:
offset of the smaller holes, dr: size reduction of the smaller holes.

of Lumerical on all three variables to maximise the Q-factor.

4.4.7 Cavity-Coupled-waveguides design

Instead of integrating the cavity directly into the waveguide, it can also be placed
next to and is coupled through the evanescent field reaching into the photonic
crystal. As the isolation is large compared to the in-waveguide cavities, less radi-
ation leaks out of the cavity and Q-factors above 1000 can be achieved [118]. The
cavity-coupled-waveguide design consists of two parallel waveguides coupled over a
circular cavity, as seen in Figure 4.17. The cavity is comprised of seven holes, with
the outer holes of the circle completely missing and the centre hole being variable in
size to tune the resonant frequency of the cavity. The radiation is transmitted from
the injection waveguide through the cavity to the measurement waveguide. The
cavity is separated by only one row of holes from the waveguides, which represents
the strongest coupling. A stronger separation would increase the quality factor by
leaking less energy, but would also reduce the overall transmission.

Both waveguides, called injection and measurement waveguides according to their
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Figure 4.16: Simulated spectra for the cavity in-waveguide design. The resonant
frequency can be tuned over three parameters: a: lattice constant, dz: offset of the
smaller holes, dr: size reduction of the smaller holes. Beside the starting design
used for the optimisation (blue), there are two pairs of graph shown; one shows the
effect of the change in dr (orange, yellow) and one shows the effect of the change
in dx (purple, green).

function, have a waveguide stop integrated to maximise the amount of radiation
transmitted from the injection to the measurement port. The inset in Figure 4.18
shows that results from the simulations for all the investigated defect modes for
centre defect sizes ranging from 32 pum to 112 um lay within the preferred low-
loss fundamental mode frequency range and the tunable range is also visible in
Figure 4.18. The cavity-coupled-waveguides provide higher Q-factors than the in-
waveguide designs when comparing the spectra of both, with the former exhibiting

Q-factors in excess of 100 and the later having Q-factors below 50.
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Figure 4.17: Two waveguides are coupled over a cavity. The resonant frequency
can be tweaked through the size of the central defect.
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Figure 4.18: Simulated spectra of the cavity-coupled-waveguides. All cavity modes
lay within the low-loss region of the waveguide (inset). Changing the radius of the
centre hole of the defect cavity allows tuning of the cavity range over the whole
low-loss frequency span supported by the waveguide.
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4.4.8 Enhancement Effect on Microfluidic Channels

To evaluate the enhancement a reference has to be used to show the increased
change in signal when a liquid is present.A bare microfluidic channel is used,
without any additional structures but with identical geometry, which is placed
across a straight waveguide as reference. As an exemplar chemicals, pure water
and an aqueous solution of 5% insecticide methomyl are again used. Using a dif-
ferent aqueous solution for experiments might be beneficial as methomyl does not
exhibit any specific features in the absorption spectrum at these frequencies and
other material combinations might be less toxic and allow for a higher solubility.
As Figure 4.19 shows, the transmission for the two fluids is almost identical, with
an average change of approx. 1% and up to 3% as maximum change at the edge
of the guiding frequency range. Therefore, the change in transmission is actually
smaller than the amount of material added, which makes it challenging to detect

smaller changes in the composition of the liquid.
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Figure 4.19: Simulated spectra showing the transmission through the microfluidic
channel for pure water and an aqueous solution of 5% methomyl. The change in

transmission (inset) is smaller than the added amount of chemical with an average
of ~ 1%.

For the compact cavity design shown in Figure 4.20, the original transmission peak
is flattened completely (compare Figure 4.14) and the transmission is greatly re-
duced so that the transmission at the edge of the waveguideing frequency band now
looks like a peak. The change in transmission (Figure 4.20b) reaches its maximum
at the same frequency that previously exhibited the peaks without a liquid present.
The maximum change in transmission is around 7%, which is a significant increase
over the bare channel.

For the larger cavity in-waveguide design the peak shape is maintained and the
largest change also is observed at the peak frequencies, as seen in Figure 4.21. With
almost 10% change, the change is even larger than for the previous design while
maintaining reasonably high transmission.

It is worth mentioning that the microfluidic channel for this design is not placed
in the centre due to the electric field distribution but rather on the edge of the

cavity. This is already known from the design of the Bragg cavities and can be
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Figure 4.20: a) Simulated spectra for the compact in-waveguide cavity design filled
with fluid. The previous transmission peaks of the empty structures are flattened
by the absorption in the microfluidic channel, but the maximum change in trans-
mission corresponds to the previous peak frequencies (b). While the peaks on the
edge of the waveguide in the highlighted area look like resonances, they are not the
the defect modes and therefore less affected by the change in transmission.

easily addressed by placing the microfluidic channel at the edge, as displayed in
Figure 4.22.

The previously mentioned swarm optimisation was set to maximise the trans-
mission at the centre frequency of the guiding mode when water is present. This

optimised structure exhibits an increased change in signal of ~11%, as seen in
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Figure 4.21: Transmission (a) and change in transmission (b) for the larger cavity
in-waveguide (a=290 pm, dx=0.14, dr=0.05). While there is hardly any change in
transmission when the microfluidic channel is placed in the centre of the cavity, the
change in transmission is large when the defect is placed on the side of the cavity
(right), as seen in Figure 4.22.

Figure 4.23, showing that the second optimisation has successfully increased the
sensitivity.

Despite its larger quality factor, the observed change in transmission for the
coupled waveguide design is smaller with a maximum of ~3.5% (Figure 4.24). This

might be partly explainable due to the more complicated electric field distribu-
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Figure 4.22: Due to the electric field symmetry there is no change in transmission
when the microfluidic channel (red line) is placed in the centre of the cavity, but
the change is large when the channel is placed the edge as depicted here.
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Figure 4.23: The transmission of the particle swarm optimised cavity exhibits a
larger change in transmission than the original structure (Figure 4.21).

tion in the cavity itself and the difficulty in placing a microfluidic channel without
drastically reducing the transmission. The results shown here are a comprom-
ise between change in transmission and transmitted signal so that they are more
comparable to the other two designs. This demonstrates that for a maximum en-

hancement of the sensitivity, it is not sufficient to simply maximise the quality
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factor when an absorptive medium is present in the cavity.

In summary, it can be stated that the most significant factor to maximise the
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Figure 4.24: Simulated transmission spectra for the coupled waveguide design (a).
Due to the complex mode distribution and the need to place only small parts of the
microfluidic channel in the cavity due to the high absorption caused by the high
Q factor, the change in transmission (b) is lower for the coupled waveguide design
than for the previously shown designs.

enhancement effect of the cavity for sensing is to balance the transmission to the
absorption of the material. While the cavity does not have to be single mode to
achieve the maximum change in transmission in the 1D cavity, as shown with the

swarm optimised design, the more complex electric field distribution in the larger
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2D cavity is negatively influenced by the introduction of the liquid medium, res-
ulting in a lower enhancement of the sensitivity despite a higher Q-factor of the

cavity.

4.5 Conclusion

The design of photonic crystals cavities for the enhancement of THz spectro-
scopy has been discussed. First, simple cavities out of different common and
ready available THz materials have been designed. Maximum quality factors of
Qmaz,polymers ~200 and Qqz siticon ~2200 have been achieved for the low-refractive
index polymers and high-refractive index silicon, respectively. The influence on the
cavities of strong geometric constrains with extension in the order of the waveg-
length for more than one dimension has been discussed. These geometrical con-
straints deviate from the infinite-extended case of the ideal photonic crystal and
introduce parasitic modes. These parasitic modes can couple to the cavity defect
mode and leak energy from it, therefore reducing or completely suppressing the
cavity defect modes. This effect could be observed as complete suppression for the
polymer photonic crystals, which showed no cavity modes for certain number of
layers. For the silicon based photonic crystals, the parasitic modes lead to a re-
duced quality factor for certain number of layers. This was proven with changes in
the band diagrams depending on the number of layers in the cavity, which showed
energy states shifting closer to the defect mode for number of layers with reduced
quality factors.

The concepts of photonic crystal cavities have then been utilised to demonstrate
their functionality in an application — the spectroscopy on fluids. It was demon-
strated that cavities can be used to increase the sensitivity when sensing chemicals
in solutions. To evaluate the performance, the change in transmission between
pure water and a chemical in aqueous solution has been simulated. The trade-off

between high transmission and high quality factors when using highly absorptive
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fluids, such as water, was discussed. In a final step, the cavity is integrated with
a waveguide for a lab-on-a-chip application. Multiple designs have been investig-
ated and a swarm optimised cavity integrated into a waveguide showed the largest
change in signal (>10%), as compared to a microfluidic device without a cavity
which shows a change in transmission of ~1%. The transmission through to the
water is significantly reduced (approx. -25dB), but this is still in a realistic range

for an experimental setup.
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CHAPTER 5

Frequency-domain THz
Ellipsometry for In

Situ-Measurements

5.1 Introduction

In this chapter, the development of an angular resolved measurement setup, based
on the VNA as measurement instrument, and the subsequent extension to enable
the implementation of a THz ellipsometer is discussed. The performance of the
ellipsometry setup was tested with material characterisation and in-situ measure-
ments.

The angular measurement setup was designed for Brewster angle and antenna char-
acterisation, measuring in either p- or s-polarization, and will be discussed first.
The addition of polarisation filters and the possibility to rotate the receiver over
200° around the optical axis enabled the system to be used as an ellipsometer which
allows for material characterisation and thickness measurements. As a VNA is used
for the measurements, there is direct access to the complex amplitude. Hence, the
usual analysis with wave plates is not necessary and, therefore, the typical notation

with Jones or Mueller matrices is also not necessary, as the p- and s-polarisation
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can be measured directly. The measurement data can be directly fitted to the
Fresnel equations, modified to account for reflections.

First the technical development of the measurement system is discussed. Sub-
sequently, the testing of the performance of key properties for ellipsometry, i.e.
polarisation sensitivity and the reliability of complex amplitude recordings is con-
ducted. This is followed by the physical background of ellipsometry, continuing
with the characterisation of different classes of materials and concluding with a

demonstration of an in-situ measurement.

5.2 Physical Background

Ellipsometry is an optical technique which traditionally is used to obtain the dielec-
tric properties of materials or the material thickness of materials with known optical
properties, but other characteristics, such as the roughness, crystallinity and elec-
trical conductivity can also be investigated in variations of the technique [119-121].
The technique is based on recording the change in polarisation of an electromag-
netic wave undergoes when it interacts with materials. The name “ellipsometry”
origins from the fact that light typically has an elliptic polarisation state after the
interaction with matter but, in general, it is only necessary to have a known initial
state of polarisation and record the change after the interaction. The typical el-
lipsometry setup operates in reflection, as shown in Figure 5.1. This configuration
has some advantages for THz measurements, especially in the characterisation of
highly absorptive materials which can be challenging to measure in transmission.
The traditional quantity recorded is the complex reflectance ratio p, which is para-
metrised by the amplitude component ¥ and the phase difference A and has the
following relation

p = " _ tan@eid, (5.1)
T's

These quantities are traditionally used, as they can be measured with only amp-

litude sensitive instruments in combination with phase retardation plates (wave
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plates). However, with a VNA, it can record complex amplitudes, therefore it can
record r, and r, directly without the need to consider ¥ and A.

However, even with direct measurement of the complex reflection, ellipsometry

Figure 5.1: Schematic of an ellipsometry setup. An electromagnetic wave E with
linear polarisation at 45°can be regarded as two in-phase waves with p- and s-
polarisation with equal initial electric field vectors E;, and E;s. After being reflec-
ted from the sample the amplitude and phase of both electric field vectors change,
resulting in an elliptic polarisation, which is expressed in the amplitude ratio ¥
and the phase difference A in traditional ellipsometry.

remains an indirect method. For indirect methods, the measurement results can-
not be directly converted into optical constants, but have to be fitted to a model.
This process can be seen in Figure 5.2 The model employed greatly depends on the
sample under investigation, which means correct values can only be obtained when
the structure of the sample is known. In the simplest case, sometimes referred to
as “standard ellipsometry”, the samples are optically isotropic, as it is the case for
crystalline materials with cubic crystal structures or amorphous samples. In an-
isotropic materials, e.g. non-centrosymmetric crystals, “generalized ellipsometry”
models are required as light can be converted from p- to s-polarisation (and vice
versa). Different models also have to be applied to multi-layered samples and struc-
tured samples [122-124]. There also is a difference between single-wavelength and
spectroscopy ellipsometry, the latter one being used here. While single frequency

sources, such as lasers, often have higher output power and therefore better signal,
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5.2.  Physical Background

they only provide a single data set of reflection coefficient per measurement and
this sparser dataset does not allow the application of some of the previously men-
tioned more complex models, which rely on spectroscopy data.

From a phenomenological point of view, there are two characteristics one expects

Angular & Calculation
polarization from model &
resolved with different
measurement parameters ?
=t
=
(¢]
Compare
> Result
Best fit

Figure 5.2: Generalised data extraction process for ellipsometry. The measurement
results are compared to the results from a model. The parameters inputted into the
model are varied and compared again, either until a best result within the defined
parameter space is found or until a certain degree of similarity is reached.

to see in a frequency, and angle-resolved measurement — Fabry-Pérot resonances
and the Brewster angle. Both can be seen in the exemplary result of an ellipso-
metry measurement in Figure 5.3. The former are periodic resonances appearing
due to reflections in a medium with plane-parallel facets, and their periodicity is
dependent on the optical path length between these facets [125]. The shape of the
Fabry-Pérot resonances is a function of the refractive index and sample thickness,
as seen in Figure 5.4.

The Fabry-Pérot resonances appear as horizontal lines in the plots shown in Fig-
ure 5.3. The sharpness of the resonances depends on the refractive index contrast
between the material in which the reflections occur and its surroundings. The res-
onances are also subject to intrinsic material losses. Brewster’s angle is the incident

angle depending phenomena for dielectric materials at which the p-polarisation is

107



5.2.1. Data Post Processing

1.05 {0.24
{0.22
1 102
N
= {0.18
=0.95
2z 0.16
=
D
509 0.14
=
B 0.12
0.85
0.1
0.08
0.8
L 0.06
65 70 75 80
Angle [°]

Figure 5.3: Exemplary result of an ellipsometry scan of a silicon wafer. The hori-
zontal lines are Fabry-Pérot resonances, the vertical line is Brewster’s angle.

perfectly transmitted with no reflection, and all of the reflected light will be s-
polarised, as shown in Figure 5.5.
Brewster’s angle occurs at

©p = arctan %, (5.2)
ni

where n; is the initial medium and ng the other medium. Therefore, it is a very
good indicator for the refractive index, especially when the initial medium is air
(ny = 1). Brewster’s angle will be visible as a vertical line in the plots, as seen in

Figure 5.3.

5.2.1 Data Post Processing

As the measurement method returns 3D data, i.e. intensity over angle and fre-
quency, a different data fitting algorithm had to be developed, as most freely avail-
able ellipsometry software, such as refit[126], only fit data at a single fixed angle.
As 3D fitting of complex data is not a trivial task and not covered by the built-in
fitting tools of Matlab, a different approach was chosen. The data can be visual-
ised as a picture when the angle and frequency give a position of a pixel and the

intensity the ‘colour’ of the pixel and, therefore, it is possible to apply comparison
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Figure 5.4: Airy distribution (solid lines), corresponding to light transmitted
through a Fabry-Pérot resonator, calculated for different values of the reflectiv-
ities, and comparison with a single Lorentzian line (dashed lines) calculated for
the same. The Lorentzian lines show that the higher the refractive index and thus
the reflectivity, the narrower the resonances are. At the same time, the material
thickness determines the spacing between resonances and therefore also changes
the linewidth of the resonances, as seen in the difference between the FWHM of
the Lorenzian Avc and the FWHM of the Airy distribution Av gz, From [125].

algorithms from the image processing community to obtain a metric for the similar-
ity between the measured data and the data obtained from the model. A significant
advantage of this approach lays within the different comparison method that the
chosen structural similarity index (SSIM) employs [127]. The SSIM method is a
technique for the prediction of perceived quality of an image which has been widely
adopted since its first publication in 2004 and is one of the highest cited methods
in the fields of image processing and video engineering. As it measures structural
information, it accounts that pixels have strong inter-dependencies to the pixels
surrounding them, which means it recognises similar structures which are, for ex-
ample offset by a line or distorted, which standard mean squared errors of line by
line comparison would not identify. Another advantage is that the SSIM can be
easily modified to be locally and quasi-convex, which makes it a suitable target

for an optimisation function as convexity is required for convergence [128]. These
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s-polarised

reflected light
G)B

Unpolarised
incident light

Figure 5.5: Illustration of Brewster’s angle. The reflection of the incident unpolar-
ised light is completely s-polarised.

properties make the algorithm employed here significantly faster than line by line
fitting, as the total image is compared at once.

The general fitting process is conducted according to the schematic in Figure 5.2,
where an initial guess is used to create the image from the model data, which is sub-
sequently compared to the image generated from the measurement data. For the
comparison process, the magnitude and phase are plotted for s- and p-polarisation
individually. The intensity is normalised so that it always lies between 0 and 1.
The normalisation is necessary, as otherwise, the images calculated with the model
would be on different brightness scales. The image so processed is compared to the
image calculated with the model with the SSIM method. In an iterative process,
the constants in the model are adjusted and the comparison process is repeated
for magnitude and phase for each polarisation until the SSIM reaches a local max-
imum.

To give an impression of what values are to be expected for the SSIM for a good fit,

an example is given here, but there are more examples in the literature [127]. The
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5.8. Technical Development

SSIM has a minimum value of 0 and a maximum value of 1. To get an impression of
how much it changes, the example shown in Figure 5.6 has an index value of 0.9407
while adding only a small amount of noise to the photo. Therefore, similarly high
values for the THz measurements are not to be expected due to the noise occurring
at the low intensities available from THz instruments, especially in the reflection
configuration used. To account for the better quality of a fit with higher SSIM the
results of the different fits from p- and s-polarisation are weighted with the SSIM

by averaging with
SSIM, n, + SSIM; ng
n =
SSIM, + SSIM,

(5.3)

Reference Image Blurred Image

Figure 5.6: The example photos can give an impression on which values of the
SSIM can be expected. Despite only little noise being added, the two pictures have
a SSIM of 0.9407. From [129].

5.3 Technical Development

5.3.1 Angular measurement setup

To allow for a change in angle, the VNA extender heads are placed on movable

plates. The technical drawing of the components of the setup without the VNA
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5.8.1. Angular measurement setup

extender heads and optics can be seen in Figure 5.7. The plates are connected
with movable links to an optical stage which pushes them. As they are fixed to
the optical table in the red marked location, they pivot around this point. This
configuration allows for a simultaneous change in the angle of both extender heads
with a single stage. It is possible to disconnect one plate to vary a single angle, as
it has been done in the angular resolved measurements in Section 6.4.2.4.

To reduce friction while being pushed, the plated have bearings on each side. Mul-

Mé bolt, washer and

bearing fitted here
=
VR el

D
NG P
>

,Tapped holes

g Critical dims:
Hole spacing (&®)

QrY: 2

\
Slot CBOREs all on Underside\

Rolling clearance fit
between plates/shaft’

Mé threaded rod, 75-100mm long’  \:*-"" T —
beoﬁng fitted here

Figure 5.7: Technical drawings of the mechanical components of the angular meas-
urement setup. The plates are pushed by the linear optical stage and pivot around
the point marked in red.

tiple slots are available to allow for different configurations of optical components.
It is possible to measure using a collimated and a focused beam, or by directly pla-
cing the extender heads without any beam path optics. The VNA extender heads
are either mounted on standard optical posts for measurements at p-polarisation
or on L-brackets for measurements in s-polarisation. Hence, for a change in polar-
isation, the system has to be realigned. The realignment is a significant downside
of the system that was overcome with the extension to the ellipsometry setup, to
be discussed in the next section. For measurements with changing incident and
exit angle, the sample is placed at the pivot point.

The plates can be screwed together in the parallel position. This allows for easy
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5.3.2. Ellipsometry Setup

alignment by placing an iris at the pivot point as the system can be treated as a
conventional two-mirror transmission setup.

As the available linear stage that pushes the plates has a limited travel distance
of 15 cm, there are multiple places to attach the links on the rotational plates and
the adapter plate on the linear stage which allow to address different angle ranges,
as illustrated in Figure 5.8. While some of the angle ranges could be larger from a
purely geometrical point of view, the stage has proven too weak to push the plates
when the angle between links and direction of travel is too high.

The angular setup is controlled over a Matlab Graphical User Interface (GUI)

O® a=15%25" Q@O a=20°-435°
©0 a=15.5%-34.7° O 0 a=37.5-50.5"

\c/ﬁol.'ooooooo

Rotational plate Linear stage adapter plate

Figure 5.8: Schematics of the different link connection points on the rotational
plates and the adapter plate for the linear stage. The colour coding shows which
combination of two linking points results in which angle range.

which the relevant measurement parameters, such as the angular range, angular
resolution, frequency range, number of frequency points, IF bandwidth and number
of averages to be set. The GUI also displays a 2D map of the measurements, where
the angle and frequency are displayed on the x- and y-axis respectively, while the
colour indicates the signal strength. The live monitoring is a convenient feature for

longer measurements enabling any measurement issues to be identified early on.

5.3.2 Ellipsometry Setup

To upgrade the angular system to the ellipsometry setup shown in Figure 5.9, a
few additional components had to be constructed. First, the transmitting head
is mounted on a 45° stand. Therefore, the p- and s- polarisations have equal in-

tensities, without remounting and realigning the extender heads. The receiver is
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5.8.2.1. Polarisation Sensitivity

mounted on a rotational stage that rotates around the axis of propagation, allow-
ing the measure p- and s-polarisation by rotating the head from a horizontal to a
vertical orientation. The development of a THz polariser was necessary as direct
transmission measurements have shown that the difference between both extender
heads in the same orientation vs one of them rotated by 90°was only around 3 dB,
indicating that they exhibit a low polarisation selectivity, which is not surpris-
ing as the horn antenna radiates about 10% of the power into the cross-polarised

component Chapter 7.

Sample Network analyzer

Transmitter
@ 45°

Polarisation Rotating analyser
filter @ 45 with polarisation
filter

Figure 5.9: Photo of the ellipsometry setup with the key components indicated.

5.3.2.1 Polarisation Sensitivity

As a high polarisation selectivity is necessary to minimise cross-talk between the
p- and s-polarisation, the polarisation sensitivity has to be improved. Therefore,
a wire grid polariser is introduced [68]. The polariser comprises of a metal wire
grid. When the electric field is oriented perpendicular to the wires, they are nearly
invisible to THz radiation, as long as their width is considerably smaller than the

wavelength of the incident radiation. If the electric field is oscillating parallel to the
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5.3.2.1. Polarisation Sensitivity

wires, the electrons in the wire can oscillate as well and therefore act as a metallic
surface which blocks the incident radiation from passing through the grid. The
wire grid is on a 10 pm thick polyimide film and the device was fabricated in the
Durham cleanroom. For the fabrication, polyimide is spun on the wafer, followed
by photolithography and selective wet etching of the metal. FDTD simulations
were used for the design to maximise transmission for one polarisation while min-
imising it for the other. The isolation between the TE and TM polarisation for
different geometries can be seen in Figure 5.10. Due to the low-cost acetate film
mask that was used in the photolithography based fabrication, with a minimum
resolution of the mask is 10 um, a periodicity of 30 pm is used.

The polariser was characterised by placing it in the collimated beam of a trans-

1 —

0.1 __¥~77**__————*** ——15pum S0 pm periodicity TM
== 15pm S0 um periodicity TE

001 /_;_,,./-“"’ ad ~|——"15umaoum periodicity M
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Figure 5.10: Comparison of the isolation of TE and TM polarisation for a polarizer
grid with different geometric parameters (from simulation). While all the TM
modes have virtually identical transmission, the transmission of the TE polarisation
is heavily influenced by the geometry.

mission measurement and rotating it in 1° steps. Figure 5.11 shows that the trans-
mission for the perpendicular alignment of the wires is above 90% and that the
difference between p- and s-polarisation is near 0%, the exact value corresponds
to around -33dB. The polarisation sensitivity of the setup was then verified in
the ellipsometry setup, where the transmitter is mounted on a 45° angle and the
receiver rotates. A first measurement is conducted without any polarisation filter

(Figure 5.12b), then the polarisation filter in front of the rotating analyser is ad-
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Figure 5.11: The characterisation of the polarisation filter shows that there is a
high transmission in excess of 90% and a relative attenuation of 33 dB between p-
and s-polarisation.

ded (Figure 5.12¢) and in a third and final measurement a second filter is added
in front of the transmitter (Figure 5.12d) for the final configuration, as shown in
the schematic in Figure 5.12a. The improvement in polarisation selectivity with
every added polarisation filter is clearly visible in Figure 5.12b-d and is in close
agreement with the ideal factor of 1/4/2 (Pythagoras’ theorem) for the p-and s-
polarisation that is expected for a transmitter mounted at 45° and the intensity
is split into equal parts into both polarisations. The two filters combined provide
an extinction ratio of <30 dB across the frequency range of the instrument. This
means there is sufficient polarisation selectivity of the instrument to measure p-

and s- polarisation independently when polarisation filters are used.
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Figure 5.12: (a) Schematic of the polarisation characterisation of the ellipsometry
setup. The measurement without polarisation filters shows a transmission of close
to 90% for p- and s- polarisation (b), indicating that the polarisation selectivity is
low. This considerably improves when adding a polarisation filter in front of the
analyser (c) and is very close to the ideal factor of 1/4/2 when a second filter is added
at 45° in front of the transmitter (d). The measured angle range is higher in the
(d) as the rotational stage holder was modified to have an increased measurement
range above 180°and this measurement has been retaken.

5.3.2.2 On phase information

There are some differences between the VNA used here and other ellipsometry
systems. While THz-TDS systems have been used in the past for ellipsometry
[130, 131], the complexity of the measurements and constantly changing pulse shape
depending on the incident angle gives them a disadvantage over frequency-domain
systems and therefore THz-TDS based ellipsometry is usually conducted at a fixed
angle. The most advanced THz ellipsometry systems rely on sources like backward

wave oscillators [132] but, as these have poor phase stability, the read-out is realised
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5.83.2.2.  On phase information

without phase-sensitive detectors and the traditional use of wave plates [131-134].
The network analyser used in this thesis has the advantage that it can obtain
highly reliable phase information, which potentially can reduce the measurement
time and increase precision, compared to BWO (Backward Wave Oscillator) based
setups. Usually, phase information is not used in traditional ellipsometry, as el-
lipsometry originates from the visible and infrared regions and obtaining phase
information would require additional equipment, such as an auto-correlator, and,
more importantly, a rather elaborate calibration procedure to obtain a reference,
due to the significantly shorter wavelengths. At optical and IR frequencies, a refer-
ence sample, such as a metallic mirror, would have to be placed with nm precision,
which is generally considered unfeasible, especially since the measurement of all
Stokes’ polarisation parameters can be achieved with wave plates which are readily
available at these frequencies and give access to the polarisation states.

However, at THz frequencies, the longer wavelength drastically reduces the neces-
sary precision of sample and reference placement to the order of (tens of) micro-
metres, which can be readily achieved in an ordinary lab setup. To demonstrate the
reliability of the phase data, a mirror was repeatedly placed in the sample holder.
The sample holder itself is a simple 2” threaded optical component holder with a
fixed ring on the side of the incident beam. The sample is pressed against this ring
by a second ring screwed into the holder behind the sample. For each measure-
ment, the mirror is removed from the holder, rotated by ~90° and replaced in the
sample holder. Figure 5.13 shows that all measurements are within a 10° confid-
ence interval, which corresponds to a deviation of +3% of the phase. Overall, the
phase varies in the order of 40° over an angle range of 15°, which corresponds to
a beam drift of around 40 pum which, in general, shows the good alignment of the
system. Compared to other measurement methods at THz frequencies, no further
calibration has to be applied to achieve stable phase results [135]. Provided the
sample and reference can be placed in the same holder, reliable phase information

can be obtained.
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Figure 5.13: Repeatability test to gain confidence in the phase data obtained. Re-
peatedly removing and replacing a metal mirror and rotating it by 90°every during
every replacement shows that the phase deviation is acceptably low. All measure-
ments fall within a confidence interval of £10°which corresponds to a deviation of
less than 3%.

Results

To validate the measurement method, some common and well-studied materials in
the THz frequency range are characterised and the optical parameters extracted.
This is followed by characterisation of thin films and in-situ measurement of a

silicon wafer during chemical wet-etching.

5.4 Ellipsometry for the extraction of optical

constants at THz frequencies

5.4.1 Ellipsometry on a High Refractive Index Material: HRFZ

Silicon

The first sample studied is the well-known HRFZ silicon, in form of a wafer. In
Figure 5.14, the expected characteristic features are visible, such as the Fabry—Pérot

resonances as horizontal lines and the Brewster angle in p-polarisation.
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5.4.1. Ellipsometry on a High Refractive Index Material: HRFZ Silicon

As HRFZ silicon has a relatively high refractive index and low absorption, these
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Figure 5.14: Comparison of the amplitude measurements (left) and a simulation
with identical physical parameters (right) of the s- (top) and p-polarisation (bot-
tom) of a HRFZ silicon wafer with a thickness of 500 um. The similarity index
ranges from 0.78-0.85.

resonances are very sharp and defined and, due to the high refractive index, the
overall reflected intensity is higher than for the materials shown following. The
confidence (SSIM) values are 0.85 and 0.78 respectively. The measurements are in
excellent agreement with the literature values, as Table 5.1 shows. All refractive
index values are in an interval of less than 0.5% of the refractive index, which is
a very narrow window, especially since the low standard deviation of literature
values of 0.006. Notably, the attenuation coefficient is often not measured in the
literature, which is mostly because the absorption in HRFZ silicon is extremely low

and therefore under the detection limit of most measurement systems.
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Table 5.1: Comparison between the values for HRFZ silicon obtained by THz
ellipsometry with literature values at 1 THz.

Refractive index | Attenuation coefficient
R(n) a (em™1h)
This work 3.416 + 0.002 0.018 + 0.017

[14] 3.4175 ~0.01
[136] 3.425 NA
[137] 3.42 NA
21] 3.414 NA

3.414

3.412

3.411

3.406

3.405

5.4.2 Ellipsometry on a Low Refractive Index Material: HDPE

For the second material, high-density polyethylene (HDPE) is used. The lower
signal quality in Figure 5.15 is apparent when comparing to the HRFZ silicon
measurement, but this is expected as the refractive index is considerably lower.
The difference in refractive index is also notable in the different angle range where
Brewster’s angle occurs and that the resonances are less well defined. Due to the
lower signal quality, Brewster’s angle is washed out in the measurement and ap-
pears to be considerably wider than in the simulation with identical parameters.
However, the SSIM has a value of 0.63 showing that the algorithm can still identify
similiarities between the simulated and measured data. The spacing between the
Fabry—Pérot of the measurement and simulation is similar, but has a clear offset.
This offset is not visible for the silicon and therefore might be caused by less well-
defined interfaces and potential buckling of the less rigid HDPE when compared to
the monocrystalline silicon.

Table 5.2 again shows that the values are in general in good agreement with literat-
ure. The deviation between measured refractive index and literature values is less
than 4%, which is larger than the silicon, but standard deviation of the literature
values is also significantly higher with 0.03. While the attenuation coefficient of

HDPE is significantly higher than the coefficient for HRFZ silicon, the absorption
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5.4.2. Ellipsometry on a Low Refractive Index Material: HDPE

is still very low which is also evident in literature, where the noise often has the

same magnitude as the measured value [21], and as such the measured value agrees

with the majority of literature values, but there are some notable outliers and the

standard deviation is twice the average value, which shows the wide spread in lit-

erature data.
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Figure 5.15: Comparison of measurements (left) and a simulation with identical
physical parameters (right) of the s- (top) and p-polarisation (bottom) of a HDPE
slab with a thickness of 1.5 mm. The similarity index ranges from 0.63-0.68.
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Table 5.2: Comparison between the values for HDPE obtained by THz ellipsometry
with literature values at 1 THz.

Refractive index | Attenuation coefficient
R(n) a (em™1)
This work 1.538 + 0.004 0.69 + 0.40

[138] @0.7 THz 1.53 0.38
[22] 1.59 13
[139] 1.526 0.15
23] 1.54 2.2
21] 1.545 ~0.1
1.53 ~0.1
1.5 ~0.1

1.48 0.2+0.2

5.4.3 Ellipsometry on High Absorption Material: Tufnol

As a third example an even more difficult to measure material, Tufnol 1P13, was
chosen with an expected low refractive index and high absorption. Tufnol is a
composite material of cotton fabric and a phenolic resin and signal layer trans-
mission measurements [67] have shown that it has a refractive index of 1.6 + 0.3,
but as the reported method relies on fitting to the Fabry—Pérot resonances, it
struggles with the high absorption of the material and the therefore weak reson-
ances. The attenuation coefficient at 1THz can be estimated as 12 + 2 cm™!
from a single layer measurement. The high absorption of the sample is also visible
in the ellipsometry measurements in Figure 5.16. While the Brewster’s angle is
still visible, the Fabry—Pérot resonances are considerably harder to see than in the
HDPE measurements, especially for the p-polarisation where they are only a light
shadow. Despite these issues, the similarity indices are actually higher than for
HDPE, indicating a good fit of the simulation to the measurement. This might
be explainable as the measurement for Tufnol looks mostly like weak signal and is
very noisy and this is something the SSIM algorithm can address as it is common
in digital image processing. In contrast, the HDPE measurement is less noisy, but
the features are more smeared out. The optical constants of Tufnol are determined

as n = 1.87 + 0.02 and o = 14.740.8 cm~'. Therefore, the ellipsometry results
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5.4.4. FEllipsometry on a Sample without Fabry—Pérot resonances: PDMS Loaded with
TiOs

are in agreement with the single layer measurement, albeit only in the fairly large
error margin of the transmission measurement. This shows one of the advantages
of the reflection measurements over the transmission measurements, when it comes

to high absorption materials.

0.8

0.85

0.9

0.95

—
N
E l
—
S 105 1.05
O :
- 52 54 56 5% 60 62 64
Q
5 o0s 08F
O
E 085 0.85
L
0.9 0.9
0.95 0.95

1.05 1.05

52 54 56

52 54 56 58 60 62 o4

Angle [°]

Figure 5.16: Comparison of measurements (left) and fitted model (right) of the s-
(top) and p-polarisation (bottom) of a Tufnol slab with a thickness of 1 mm. The
similarity index ranges from 0.64-0.77.

5.4.4 Ellipsometry on a Sample without Fabry—Pérot resonances:

PDMS Loaded with TiO,

This leads to the last sample, which again represent a different case, a sample which

shows no Fabry—Pérot resonances, as seen in Figure 5.17. A PDMS (Polydimethyl-
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TiOs

siloxane) sample mixed with 3.2 wt% TiO2 nanoparticles is used. The sample is
cast with a thickness of 5mm and the top is not very smooth (RMS » 100 um,
stylus profilometer measurement), but the bottom side is smooth and therefore
the measurements were conducted on this side. The reference parameters are ob-
tained with the same methods as for the previous Tufnol sample and the optical
constants are n ~ 1.57 + 0.09 and o ~ 17 + 2e¢m ™', While the Brewster’s angle
is evident, the s-polarisation does not show any clear features and is expected to
only show a continuous gradient of increasing intensity towards higher angles. The
similarity indices are high, but this might be caused by the lack of visible features.
The fit, however, is in good agreement with the single layer measurements with

n=157+0.05and « =169+ 1.9em 1.
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Figure 5.17: Comparison of measurements (left) and fitted model (right) of the
s- (top) and p-polarisation (bottom) of a casted PDMS sample loaded with TiOq
nanoparticles. The similarity index ranges from 0.69-0.73.
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5.5 In-situ Ellipsometry

One of the largest advantages of reflection measurements is that they are often
more suitable for in-situ measurements. This can be mostly be attributed to the
property that reflection setups are easier to integrate in existing machines and pro-
cesses, as they only need to have access to a single facet of the sample accessible
to the beam. Therefore, reflective measurement methods are commonly used for
in-situ observations, i.e. Reflection high-energy electron diffraction (RHEED) is
commonly used during the growth of semiconductors [140].

As there are no growth facilities accessible, the etching of a silicon wafer in po-
tassium hydroxide (35% solution) is chosen as a sample with changing thickness.
A box which contains the base and the wafer has been constructed. It has a PTFE
window through which the wafer can be accessed with the THz radiation, as seen
in the schematic in Figure 5.18.The wafer is etched only from the backside, allow-
ing the THz radiation to not pass through the aqueous solution. The photo in
Figure 5.9 shows the ellipsometry setup with the box for the in-situ measurements
as a sample. As a reference, the thickness of the wafer is measured before and after
etching. Additionally, there is an indirect in-situ estimation from the temperature
of the etching solution, which is observed during the process.

The major challenge in this experiment is the scan speed. Even if the etch rate
is only in the order of ~ 5pum/hr, the previously shown measurements take 40
minutes to 2 hours, depending on the averaging and IF bandwidth required for
the signal level. The intended thickness resolution is in the order of micrometres.
Hence, scan time has to be in the order of minutes at such etch rates. Therefore, the
resolution in frequency and angle has to be drastically reduced. As can be seen in
Figure 5.19, the measurement time was adjusted during the in-situ observation as
the first scans started to increase in noise, and therefore, the uncertainty increased
during the thickness extraction. Therefore, the time between measurements was

increased to ~8 minutes, allowing for the necessary reduction in noise.
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5.5. In-situ Ellipsometry

KOH etch

/ Si Wafer
PTFE Window

Figure 5.18: Schematic of the in-situ setup. The terahertz beam enters through a
PTFE window and reflects off the silicon wafer (red). The silicon wafer is etched
from the backside while measuring.

The KOH solution was changed at ~150 minutes with a higher temperature solu-
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Figure 5.19: In-situ thickness measurement of a silicon wafer during etching with
the ellipsometry setup. The step where the gradient of the curve quickly changes
is caused by a change of the base with a fresh, higher-temperature solution.

tion to increase the etch rate, causing the discontinuity for the thickness calculated
from the temperature dependant etch-rate. The wafer thickness measured with
ellipsometry follows the trend of the thickness calculated from the etch-rate. The
largest discrepancy between the two methods is at the last measurement point at

~240 minutes. However, the ellipsometry measurement agrees with the ex-situ
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micrometer measurements while the calculated thickness from the etch-rate does

not.
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5.6 Conclusion

The design and construction of an angular resolved THz ellipsometer has been
discussed. The feasibility of the instrument to conduct polarisation sensitive com-
plex amplitude measurements has been confirmed, the polarisation filter employed
provide an extinction ratio of <30 dB across the frequency range of the instrument.
The phase stability has been evaluated and has shown a deviation of less than 3%
in the phase for repeated measurements.

To validate the performance of the instrument different common materials have
been characterised and the results are compared to literature and single layer trans-
mission measurements. Four different materials with different properties have been
used: silicon as a material with a high refractive index and low absorption; HDPE
as a low refractive index material; T'Ufnol as a material with absorption; and PDMS
loaded with TiO2 as a nonuniform material without Fabry-Pérot resonances. The
results of the first two materials are in good agreement with literature, with the
deviation between measured and literature values being within an interval of less
than 0.5% of the refractive index and a standard deviation of less than 0.006 for
silicon. The HDPE shows a deviation of less than 4% between measured and lit-
erature values with a standard deviation of less than 0.03 for the refractive index.
While the absorption of silicon is too low to have reliable data in literature for a
meaningful comparison, there is sufficient data for HDPE available and 6 out of 8
literature references agreeing with the measured values, which is a good agreement
as literature values have a wide spread with a standard deviation of twice the av-
erage value. As there are no literature values for the last two materials they are
compared to a different, transmission based, measurement method. The results of
the ellipsometry and the transmission method agree as well, albeit in the larger
error of the transmission based method which are in the order of 10-20% of the
refractive index and attenuation coefficient. The errors of the transmission meas-

urements are at least twice as large as the errors of the ellipsometry measurement,
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5.6. Conclusion

showing the advantages of the reflection based measurement method. Finally, in-
situ mesurements have been performed to test the method in a realistic scenario
with a strong time-constraint on the measurements. For this, the thickness of a
silicon wafer was measured during etching and the results are compared with the
thickness calculated from the temperature dependent etch-rate and ex-situ micro-
meter measurements at the beginning and the end of the experiment. The overall
thickness change of the wafer during testing was around 3% of the total thickness.
The in-situ ellipsometry measurements follow the trend of the calculated thickness
within 0.2% of the total thickness and agreed with the micrometer measurements
within the error of 1 micrometre, showing that THz ellipsometry is a suitable
tool for in-situ characterisations and can reach micrometre precission for thickness

measurements.
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CHAPTER 6

Spoof plasmonics for integrated
photonic circuits with novel

fabrication methods

This chapter introduces plasmonics, the scientific field at the boundary of phys-
ical optics and condensed matter physics, for THz applications. First, integrated
photonic circuits and components constructed with spoof plasmonic waveguides
are discussed. These components are produced with photolithography to min-
imise defects and allow for longer propagation length required for more complex
components. Following this, experimental results for 3D printed spoof plasmonic
waveguides are presented. While being poor waveguides ,due to a high defect
density, the 3D printed structures have interesting physical properties, such as un-
assisted coupling to free-space. First, the physical background is explained with
the concept of classical plasmonics at optical and near-infrared frequencies; the fre-
quency range is consequently extended to THz frequencies with the introduction
of the concept of ‘spoof’ plasmonics. This is followed by the experimental charac-
terisation techniques and a comparison between different technologies which shows

why plasmonics is so attractive for waveguiding at THz frequencies.
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6.1 Physical Background

Originally, plasmonics is the field of research on the interaction between the elec-
tromagnetic field of a photon and the free electrons of a material. Free electrons
can be described as plasma, and a quasiparticle, the plasmon describes their fluc-
tuation in density. While plasmonics, as a term, is also used for localised plasmonic
modes, this thesis focuses on propagating plasmonic modes. The electric field of
the photon excites the electrons to have a collective oscillation, which can travel
along the surface of the material the electrons are in. This phenomenon is there-
fore called a surface plasmon. Under certain conditions, the photon can couple to
the oscillation of the electron to form a surface plasmon polariton (SPP) as both,
photon and surface plasmon, travel alongside each other. As these conditions re-
quire certain permittivities of the material, as the normal components of the wave
vector need to be purely imaginary, which can only be found near the resonance in
permittivity around the plasma frequency, every material naturally supports SPPs
in a specific frequency region. As it will be later shown, the resonance at the plasma
frequency can be emulated by structuring the material, leading to an extension of
plasmonics to virtually any frequency. This emulation is called spoof plasmonics.
The large interest in plasmonics arises from the possibilities of the subwavelength
manipulation of light. Subwavelength optics could lead to the integration of optical
communication into electronic circuits, merging the fields of electronics and photon-
ics [141]. The increased field strength, which can be multiple orders of magnitudes,
at the plasmonic structures, also called plasmonic enhancement [142], enables many
advances in the field of light generation [143], solar cells, microscopy or bio-sensing
[144] and has already introduced innovations, such as the tip-enhanced Raman
spectroscopy [145]. To choose an example more closely related to this thesis, the
increased emission of THz radiation [146].

To couple to the surface plasmon and form the SPP, the free-space photon has to

match the bound state in frequency and momentum. The momentum mismatch

132



6.1. Physical Background

that has to be bridged, as seen in the dispersion curve in Figure 6.1, is described
by

€dEm
k =k 1
SPP 0 ot en (6.1)

with kgpp and kg being the wave vectors of the bound SPP and in free space, €4
and €, being the permittivity of the dielectric and metal respectively, and will be
derived in the following section.

In the Drude model [45], the dielectric function of metal in the free electron model

U‘)JL

Radiative mode

Bound mode

€182
(& €1+€2

Light line
==== Plasmon Polaritons

= SPPs

»
>

ke

Figure 6.1: Dispersion curve for a surface plasmon. At lower frequency, the curve
of the SPP (blue) is very close to the light line of the free photon (yellow). As
the plasmon curve approaches the surface plasma frequency ws,, the difference in
wavevector and therefore momentum is increasing and the plasmon polariton is
bound to the surface. Above the plasma frequency w, the plasmon polariton is not
bound and radiates off into free space.

of an electron gas is described by
2
ew)=1-—2. (6.2)

Since kspp has to be larger than kg, only materials with a negative value for ¢,
can support SPPs. This condition is true for metals below the plasma frequency.

As a further limitation, since the photon has to couple to the surface plasmon,
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6.1.1. Surface Plasmon Polaritons

Table 6.1: Different metals with their plasma frequency and SPP propagation
lengths for different wavelengths. From [147-149].

Plasma Frequency A Propagation length
Material Drude Model (nm) (pm)
(&V)

650 84

Silver(Ag) 8.6-9.6 1000 340
1550 1200

Aluminium (Al) 14.75-15.3 280 2.5
650 20

Gold (Au) 8.55-9.03 1000 190
1550 730

650 24

Copper (Cu) 7.39-8.76 1000 190
1550 820

the difference in momentum cannot be arbitrarily high as it cannot be bridged.
Therefore every material only supports a limited part of the frequency spectrum,
as shown in Table 6.1.

As seen in Table 6.1, naturally occurring materials only support SPPs in the
visible or near IR spectrum of light. To overcome these limitations, material sci-
entists design artificial material combinations with plasma frequencies suitable to
support SPPs in the infrared, hence compatible with communication technology
wavelengths [150] or developed concepts like the spoof SPPs, which work at even

longer wavelengths, such as THz frequencies.

6.1.1 Surface Plasmon Polaritons

Many properties of SPPs can be derived from the more general case of electromag-
netic surface waves. A full derivation of all properties can be found in textbooks
[151]. Here the focus is on the necessary properties used in this thesis. Surface
electromagnetic waves (SEW) have been described first by Zenneck, who showed
that the solution of Maxwell’s equation with the corresponding boundary condi-
tions of a flat conductor result in surface waves [151]. Accordingly, SEWs are

also called Zenneck waves. The conditions for a propagating wave can be derived
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6.1.1. Surface Plasmon Polaritons

Figure 6.2: Schematic of the forward and backward going field amplitudes used in
the scattering matrix with the according wavevector components.

from the scattering matrix of the well-known Fresnel coefficients for reflection and

transmission:
E E Ts ts E-
1(8,]7) — S 1(371)) — P P 1(5,17) (63)
+ - +
Eosp) Eos.m) tsp Tsp |\ Basp)

where ET and E~ are the forward and backward propagating field amplitudes for
the s- or p- polarisation respectively, as defined in Figure 6.2.
The Fresnel coefficient expressed by the normal components of the wave vectors

can be expressed as:

k2 ka ohiz2
—f a 4 __ @ (,_ /st

ry = I t Fa Fa (p — polaristion), (6.4)
€9 €1 €9 €1
K2 212

o= ko ka t. = ks (s — polaristion) (6.5)
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6.1.1. Surface Plasmon Polaritons

where

kui = A/n2k2 — k2, (6.6)

where kg is the free space wavevector, k, is the in-plane wavevector and n; =
V/€ifti- As the excitation of bound modes will occur near the poles [152, 153], the

denominator of the reflection and transmission coefficient has to be zero. Therefore

sz kzl

Jee R 6.7

o - (6.7)
and

P2 M

s o (6.8)

By substituting equation Equation (6.7) and Equation (6.8) into Equation (6.6)

these equations can be rewritten as the dispersion relations for p- and s-polarisation:

hy — ko\/€1€2(512ﬂ2 —262u1) (6.9)
€€
and
ke = oy | PLp2(C2 — Culiz) (6.10)
HY — H3

For non-magnetic media (; = 1) this simplifies to the previously shown relation in

Equation (6.1) for p-polarised surface waves, which is restated here for convenience:

€1€2

kz = ko

6.11
€1 + €9 ( )

As there is no equivalent solution for Equation (6.10) for the s-polarisation, this
indicates that only p-polarised surface waves can exist on non-magnetic surfaces.

Additionally, in order for the mode to be bound to the surface, k,; needs to be
imaginary as otherwise, the wave would be propagating away from the surface.
Therefore, k, > n;kg, which means bound surface waves can only exist on cer-
tain material combinations which satisfy these conditions. With the wavevectors

defined, Maxwell’s equations can be written as:

ke 1 . _
E\=E, {1,0, _lm] gikarthaz—wt) (6.12)
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6.1.1. Surface Plasmon Polaritons

C
Ey,=E,|1,0, ka;] eikezthzzz—wt) (6.13)
B z
Hy=E, |1, ‘;611,0} gilkoathzz—wt) (6.14)
| z
H, = E, [1, —:’f;,o] gilkavthzzz—wt) (6.15)
z

where F; and H; are the electric and magnetic fields in the ith medium, w is the
angular frequency and FE, the tangential electric field strength at the interface.

There are some characteristic lengths defined for surface plasmons, namely the
propagation length L, and the confinement, L,. The field strength of a surface

wave in its direction of propagation is described by
E(z) = Ege™" = Egea"e=?, (6.16)

where k is the wave vector with its real and imaginary components, = denotes
the direction of propagation and FEy the initial field strength. Both characteristic
lengths are defined as the distance when the initial field intensity decays to 1/e,

therefore propagation length is defined as
(6.17)

In a similar fashion for the extension of the electric field of the SPP in the direction
z, perpendicular to the surface without a propagating component, the electric field

is described as an evanescent wave by

"

E(z) = Ege "=%. (6.18)

And the characteristic length of the extension of the electric field, the confinement,

is defined as
[
13

(6.19)

So far, all the above stated is true for surface waves but are also true for surface
plasmon polaritons. The SPP is, therefore, a special case caused by the asymp-

totic behaviour of the dispersion relation near the plasma frequency, i.e. when
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6.1.2. Spoof Surface Plasmon Polaritons

€1(w) = —ez(w). This asymptotic limit occurs at the surface plasma frequency
Wsp = wp/\/§), as indicated in Figure 6.1, and below this frequency, the surface
wave becomes a mixed-mode consisting of a photon combined with a surface plas-
mon to form the SPP. How close the frequency of the SPP is to the limit is also
important for its properties. When the frequency is considerably lower than wg,,
the SPP is very close to the light-line, which allows easy coupling but also easy
decoupling into free space and therefore the SPP is only weakly bound to the sur-
face. Conversely, the closer the SPP mode is to the cut-off frequency, the stronger

it is confined to the surface.

6.1.2 Spoof Surface Plasmon Polaritons

As discussed earlier, SPPs are only supported near the plasma frequency and there-
fore, the frequency range at which a material supports SPPs is particular to the
individual material. This limits the frequency at which plasmonics can be used
and even the development of artificial plasmonic materials focuses on the near-
infrared region because it is more reasonable to tune the plasma frequency in the
same order of magnitude, which is in the order of hundreds of THz for optical and
near-infrared, rather than to try to reduce the plasma frequency by three orders
of magnitude or more for THz and microwave frequencies. If it is not feasible to
tune the plasma frequency, it is worth considering from a more general perspect-
ive what causes the material only to support SPPs at particular frequencies. The
deciding property is the change in the dielectric constant of the material, which
has a discontinuity at the plasma frequency and therefore provides negative values.
Physically, the reason for the change is that the electrons are resonating at this
frequency. In 2005 Pendry et al. published the concept of a periodic perforated
metal film which exhibits a resonance depending on the size of the perforating holes
[154]. They have shown analytically that for an array of closely spaced holes in a
perfect conductor the effective plasma frequency is given by the cut-off frequency

of the waveguide mode, which leads to a dispersion relationship which is typical for
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6.1.2. Spoof Surface Plasmon Polaritons

SPPs. This allows mimicking the effect of the resonating electrons at the plasma
frequency. From this arises the research field of spoof SPPs, which concerns itself
with tuning the properties of SPPs through the geometric structure of the mater-
ial they propagate on. Beside the major advantage of overcoming the frequency
limitations of plasmonics and making it possible to apply the concept to virtually
every frequency, the tailoring over the surface morphology gives more degrees of
freedom and is easier to realise than the development of complex multi-layered
material stacks which are represented in the many different geometries that have
been developed in the following years, including holes, grooves and cones to name
a few [155-158].

The spoof plasmonic structure mostly used in this chapter is a metallic groove
structure, as shown in Figure 6.3. The structure is well explored theoretically in
the case of a one-dimensional groove array [159]. The dispersion relation for such

d P
H

—

Figure 6.3: Schematic of the metallic spoof plasmonic grove structure used in this
thesis. The unit cell size p, groove width d and height of the groove h are indicated.

a structure is known as a first-order approximation

_w (p=d? oW
kw—c\/ - tan (Ch)+1, (6.20)

with d, p and h as geometric parameters as indicated in figure Figure 6.3. It is shown

later that this equation predicts the position of cut-offs correctly for waveguides of

a width>» X\ where the 1D assumption is true.
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6.1.3 Coupling

As for every bound particle, SPPs have a non-trivial dispersion relation which
therefore differs from the linear dispersion relation of light. Additionally, from
Equation (6.1) it can be seen, that the momentum of propagating SPPs is, in fact,
larger than the momentum of a free propagating photon. Therefore, a free space
photon needs additional momentum to couple to the surface and form the SPP.
There are two common ways to bridge this momentum gap: Prism coupling and

knife-edge scattering.

6.1.3.1 Prism coupling

While the dispersion relation of free propagating light is linear, the slope does vary
with a dependence of the refractive index of the material, i.e. the photons have
more momentum. If a prism of a high refractive index material is placed on top of
a sample with a small gap or a lower refractive index spacer layer above the sample,
the two lines outline an area (Figure 6.4) in the dispersion relation corresponding
to a band of frequencies and momentums that can be accessed depending on the
coupling angle of the incoming radiation. This setup is called the Otto configur-
ation, and is the only configuration discussed as the other configuration (called
Kretschmann) is not applicable for the samples investigated in this thesis, as this
configuration is used to excite SPPs on the rear side of the metallic structure which

is not possible with the closed surfaces of the groove structures used in this thesis.

6.1.3.2 Coupling with knife-edge scattering

Every scattering event causes a change in momentum. In the direct vicinity of the
scattering point, a whole range of momenta are available, in contrast to the prism
method that offers a single momentum per angle, but only within a few wavelengths

of the scatting point (the near-field). Experimentally, this effect can be utilised by
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w
k = nSpacer(?) kspp

k

Figure 6.4: Schematic of a dispersion relation of an SPP at a metal-dielectric
interface during prism coupling. The upper and lower blue lines illustrate the
dispersion of an electromagnetic wave propagating in the spacer dielectric and the
high refractive index prism respectively. Only photons with momenta lying between
the two lines can couple to the SPP.

placing an object in the direct proximity of the surface to scatter and therefore
excite SPPs.

In a lab environment, this is realised with a knife whose edge is placed parallel
to the sample surface. By stepwise reduction of the distance between knife-edge
and sample, the ideal distance can be found which excites the SPPs and has the
maximum transmission and therefore the highest coupling efficiency. Knife-edge
scattering can also be used to determine some of the characteristic lengths of a
plasmonic structure, such as the propagation length L, and the confinement L.
Typically, three parallel knives are used to determine these two characteristic
lengths, as shown in Figure 6.5. Knife-edge scattering experiments were carried
out in the laboratory at Durham University by placing the transmitting and re-
ceiving horn antennas at a 60° angle to the sample surface normal, aiming at the

gap between the sample and in-coupling (or respectively outcoupling) knife from a
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6.1.3.2. Coupling with knife-edge scattering

distance of less than 5cm. For the propagation length measurements, one knife is
placed near the sample and kept in a fixed position to couple the radiation in while
a second knife is placed parallel to the first one to couple out. The distance between
the two knives is incrementally increased, and the spectra for each increment are
recorded. A third knife was placed between the two knives to reduce transmission
through the direct line of sight to ensure that only the contribution of the SPPs is
measured. The configuration for confinement measurements was similar, but the
outer two knives used for coupling in and out are kept at a fixed position, and only
the middle knife was moved perpendicular to the surface. Both measurements show
transmission over distance and the characteristic lengths are obtained by fitting to
the exponential decay.

Standing waves can be an issue occurring during knife-edge scattering exper-

Figure 6.5: Schematic of the placement of knives in a knife-edge-scattering experi-
ment. The two outer knives are used to couple in and out, the middle one is used
to measure confinement.

iments. They can appear as resonances in a recorded spectrum and arise from

standing waves between any two plane-parallel surfaces. As the spacing in fre-
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6.2. Spoof SPPs for THz applications

quency and magnitude of the resonance depend on the relative position of the
plane-parallel surfaces, the spacing between knives, the angle of a single knife and
the positioning relative to the sample should be changed multiple times per meas-
urement. The third knife in between the outer two knives also helps to prevent the
occurrence of standing waves.

Therefore, for every measurement, the knives were repositioned a minimum of
three times, and the spectrum was only considered valid if no considerable change
in position and shape of the resonances was observed (resonant frequency within

~5GHz).

6.2 Spoof SPPs for THz applications

One of the interests in spoof SPPs at THz frequencies is for waveguiding. At
telecom and optical frequencies, there are usually three methods for waveguiding
available: Optical fibres for long-distance guiding; photonic crystals for compact,
integrated optical circuits; and plasmonics for compact, subwavelength guides, such
as interconnects. To date plasmonics so far has not made it into commercial ap-
plications yet as the need for such ultra-compact waveguides is not great enough
to justify the complex implementation and poorer performance in comparison with
photonic crystals. The situation is quite different at THz frequencies, as Table 6.2
shows.

Traditional fibre waveguides suffer from comparably large losses with typical propaga-
tion lengths in the order of cm rather than km as is the case for telecom frequencies.
Photonic crystals in materials with very low losses, such as HRFZ silicon do have
long propagation lengths in the order of tens of cm. However, photonic crystals
scale directly with the wavelengths and, given that a few periods of photonic crys-
tal are necessary on each side of a waveguide to prevent leakage of the wave, are
not as compact as they are at higher frequencies. At the same time, the self-

supporting photonic crystal slabs currently demonstrated in literature for lower
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frequencies [52] are less practical for frequencies above 1 THz, where the substrate
thickness is decreasing below 100 um. parallel-plate waveguides (PPWG) have been
shown to have the lowest absorption at 1 THz, within the order of dB/km, but
are impractical for integration into circuits. The lower performance and reduced
convenience accompanying THz wavelengths make plasmonics based approaches a
potential route forward, where their performance in terms of losses is comparable
to the other technologies, and the advantage of the compactness pays off. It is
worth mentioning that most SPP studies focus on the confinement to the surface
and the width of the components if kept intentionally large, to make the alignment
easier. Typical characteristic values for all three technologies are summarised in
Table 6.2.

An additional advantage of spoof plasmonic technology is the possibility to com-

Table 6.2: Comparison between the losses and dimensions of different waveguide
technologies at THz frequencies.

Frequency Losses Size absolute in Size relative
Technology (THz) (1/cm) largest dimension (d/A)
Fibre [160] 0.6 <0.1dB/cm Diameter 6mm 12
[161] 1 <0.1dB/cm | Diameter ~3mm 10
Silicon Photonic Diameter 1.5 mm
Crystal [52] 0.3 <0.1dB/cm (estimated) 3
SPP Not investigated
[162] 1.3 ~L74dB/em | O BEETSRE 2
[163] 028 | ~1.09db/cm 0.2mm ~0.4
[164] 027 | ~0.72dB/cm 0.55 mm
3D printed
WM-250 [165] 1 ~2dB/cm | Diamerter >>1mm >>10
PPWG [166] 1 2.6 db/km Diameter= 10mm >>10

bine multiple frequencies on a single chip. While photonic crystals only support
a narrow frequency band which depends on the thickness of the substrate, mul-
tiple spoof plasmonic waveguides can be integrated on the same chip with different

geometries which support a wide range of frequencies.
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6.2.1 Spoof SPP waveguides produced with photolithography for

THz applications

While the 3D printed waveguides have some interesting properties, as shown in
the next section, the high losses do render these structures useless as waveguides,
especially for components which require several centimetres of propagation dis-
tance. Therefore, waveguides produced with classic photolithography with SU-8
have been used for structures shown in the following sections. These structures
have high transmission over centimetre distances and exhibit well-defined reson-
ances at their cut-off with sharp roll-offs, as shown in Figure 6.6.

A comparisons between the transmission curves in Figure 6.6a and the disper-
sion curves in Figure 6.6b, calculated with Equation (6.20), shows a good agree-
ment between experiment and theory. The propagation losses are in the order of
0.5 — 2dB/em, which is in good agreement with the values in literature, as seen
Table 6.2. The uncertainty is too large for the propagation losses, as the wavve-
guides are to short to observe the exponential decay reliably. The waveguides
are produced on 2" wafers and through the high viscosity of SU-8, beads occur
at the edges, rendering these areas useless for measurements. This leaves an ef-

fective waveguide length of ~2-3 cm which results in an uncertainty of +1.5dB/cm.
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Figure 6.6: a) Measured transmission spectrum of two 1D groove structures over
a distance of ~1cm. The two structures only vary in height and are otherwise
identical. A large drop in transmission can be seen around 0.95 THz for both
structures, shifted by less than 100 GHz between them. This matches well with
the theoretically predicted band gap as visible in the dispersion curves in b). The
dimensions of the structures are: p = 61.5um, d = 12.3 um and h = 73 um and
h = 78 um respectively. c¢) Photo of a wafer with spoof SPP waveguides fabricated
with photolithography on top.
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6.3 Highly integrated THz SPP waveguide circuits

In this section, several components based on spoof SPP waveguides are discussed.
Coupling between waveguides is discussed, which leads to components such as a
demultiplexer. Afterwards, switching on SPP waveguides is demonstrated and used
for components. The subsection concludes with the presentation of SPP whispering
gallery resonators.

As mentioned before, one possible application for SPPs are highly integrated wave-
guide circuits. As interconnects play an important role in communication systems,
SPPs can be used in future THz based communications. The term “sub-wavelength
optics” is used regarding plasmonics, but this often refers to the confinement on
the surface, and for an integrated circuit, the lateral dimension is of more signific-
ance. Literature shows that spoof SPP structures can exhibit lateral dimensions
of much less than the wavelength [167], but for an integrated circuit, however, the
overall packing density of interconnects is the significant parameter. Therefore, not
only the lateral extension of the SPP structure is relevant, but also how close a
waveguide can be placed next to another without a negative influence on its per-
formance, such as cross-talk or coupling between two waveguides.

Cross-talk usually is not investigated for many THz structures, except when it
is utilised for additional functions, e.g. for a plasmonic Y-splitter where a sig-
nal is transferred to another waveguide in close proximity. Splitters and switches
are important components for communication systems. Similar devices also exist
in different technologies at THz frequencies. One example would be a photonic
crystal diplexer where the wave leaks over to a waveguide in close proximity with
different specifications and therefore separating the frequencies [168]. In the fol-
lowing subsections, the limits of the packing density of THz SPP waveguides for

use in highly integrated photonic circuits will be investigated.
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6.3.1 Waveguide width

The influence of the waveguide width on the guiding properties is investigated with
FDTD simulation. A dipole is used to inject THz radiation at the beginning of
the waveguide. The intensity is measured at the other end of the waveguide. All
geometric parameters are kept constant, except for the width of the waveguide.

It can be seen in Figure 6.7 how the resonant frequency and therefore the guiding
mode shifts to lower frequencies with increasing waveguide width and converges to
a value just below 1 THz. The intensity varies with width as well, and therefore
a minimum width of 150 ym is recommendable to have a small dependency on
deviations in the width of the structure. The drop in intensity with increasing width
after ~ 350 pm is notable but could be caused by the use of a dipole source in the
simulation, as it is significantly less pronounced when a Gaussian source is used, but
normalisation is not straight forward for Gaussian sources in this scenario, making
their results less useful. Additionally, from a pure design perspective, choosing a
width closer to the converging value makes experimental results more predictable
as simulation always have slightly deviating results, and when using a narrow band
system for characterization, such as the THz-VNA this range can be quickly missed

by such a slight deviation.
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Figure 6.7: Simulated transmission of identical SPP waveguides with different
widths. While there is no transmission for structures below 80 ym width, the trans-
mission converges with increasing width. The parameters of the SPP waveguide
are p = 80 um, d = 30 pm and h = 40 ym and 20 periods.

6.3.2 Coupling

To investigate the coupling between waveguides, two identical SPP waveguides
(width w = 200 pm,p = 55 pm, d = 25 um and h = 45 pum) are placed in a staggered
position next to each other as depicted in Figure 6.8. The wave is launched in the
longer waveguide and propagates for 20 periods without interference to ensure that
the launching mechanism does not cause the crosstalk, then the second waveguide
starts and runs in parallel with a fixed distance to the original SPP waveguide for
30 periods. At the end of both waveguides, transmission spectra are recorded over
the complete width of the waveguide.

Interestingly, for very close proximity of 10-20 pm, there is no crosstalk between
the two waveguides, as seen in Figure 6.9. Only when the distance exceeds a certain
threshold, there is transmission to the second waveguide. This could be explained
by resonant coupling between the two waveguides. While the SPP wave is closely

confined to the waveguide, it extends over the physical edges of the waveguide. For
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Figure 6.8: Schematic of the simulation setup to investigate coupling between two
waveguides. The electromagnetic radiation is injected at the launch point and
propagates along the lower waveguide. After 20 periods the second waveguide
starts. The distance between the two waveguides is varied and the transmission
recorded at the end of both waveguides.

resonant coupling, a standing wave has to form, and if the distance between the
waveguides is too short, this cannot happen. At a spacing of 40 ym the coupling is
ideal, and most energy is almost entirely transferred to the second waveguide.
This means that splitting intensity in different ratios can be achieved by changing
the separation between waveguides. This can be used to produce Y-splitters which
split a signal from a single input into two outputs. Additionally, it is an advantage
for the packaging density of integrated plasmonic circuits that there is no transmis-
sion when the waveguides are too close, meaning that waveguides carrying different
signals can be placed in close proximity to each other without crosstalk, which is in
stark contrast to to other waveguides, such as photonic crystals, where a minimum

distance is required to isolate waveguides from each other.
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Figure 6.9: Simulated transmission in dependence of waveguide distance of the
launch waveguide (bottom) and coupling waveguide (top).

6.3.3 Spoof plasmonic (De-)multiplexer

A multiplexer is a device that takes multiple inputs and combines them in one
output. A demultiplexer does the inverse, having a single input and multiple out-
puts. An example for analogue demultiplexing is Frequency-Division multiplex-
ing (FDM). In FDM several signals are transmitted through the same medium,
but different frequencies are separate data channels. This means a device is re-
quired which separates the different frequency channels for individual processing.
Such devices do exist for THz communication applications but are large compared

to spoof SPP devices [169-171].

151



6.3.3. Spoof plasmonic (De-)multiplexer

Here a spoof plasmonic demultiplexer is presented based on a modification of the
coupling device presented in the previous subchapter, as shown in Figure 6.10. The
device is modified by the introduction of a stop band — a waveguide with different

geometric properties that leads to a lower cut-off frequency. The recorded trans-

Coupler

Output 1

Output 2

Input
IllllIlIIIllIIIlIIIIIIIIIIII AARRARAR

\_—/‘#_/’_J Stop band

Injector

Figure 6.10: Illustration of a plasmonic demultiplexer. The input is coupled
through the injector to the identical coupler, which carries the higher frequency
channels. After several periods of injector and coupler running in parallel, a wave-
guide with different geometric properties with a lower cut-off frequency commences,
indicated as ‘stop band’. The stop band rejects the higher frequencies so that they
can only couple to the coupler waveguide that leads to output 1, while simultan-
eously offering no coupling for the lower frequencies so that they are guided to
output 2.

mission spectra of the original waveguide, and an example of a stopband waveguide,
can be seen in Figure 6.11. The injector waveguide and the coupler will have a
higher cut-off frequency than the stopband. How narrow the separation between
frequency channels is can be controlled by the proximity of cut-off frequencies.

As the stopband rejects the higher frequencies they will couple to the parallel run-
ning waveguide leading to output 1. The spacing between waveguides is kept at a
distance favourable to couple to the stopband waveguide. Therefore, the lower fre-
quencies are guided to output 2. The result can be seen in Figure 6.12 which shows
that it is possible to isolate a ~ 20 GH z narrow frequency channel at ~ 0.95T Hz
for output 2 with isolation in excess of 30dB to output 1 which carries the higher
frequencies. A cascade of such devices can be used to separate multiple channels.

As the process is invertible, the same device can be used as a multiplexer.
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Figure 6.11: Cut-off frequencies depending on the geometrical properties of the
spoof plasmonic waveguides. The height of the waveguides is kept constant (h =
40 um) to enable a single layer manufacturing process. The shown stop band
waveguide has a lower cut-off frequency to the one used for the simulation in
Figure 6.12 to clearly show the influence of the geometrical parameters.
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Figure 6.12: Simulated transmission of output 1 and 2 shows that there is a fre-
quency channel at 0.95 THz outputting at output 2 which is isolated from output
1 by more than 30dB. Geometrical parameters of the injector and the coupler:
p =100 um, d = 50 um and h = 40 um; and the stop band: p = 120 um, d = 60 um
and h = 40 um.
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6.3.4 Switchable Spoof Surface Plasmon Polariton Terahertz

Structures for Reconfigurable Photonic Circuits

In this subsection, an active spoof plasmonic device is discussed. At THz frequen-
cies, where the frequency is so high that switching with diodes or transistors used
at microwave frequencies reaches its limitations, alternatives for switches are re-
quired. Active plasmonic devices are of great interest for applications and have
been demonstrated at microwave frequencies [172], whereas active devices such
as diodes are readily available but have only been theoretically studied at THz
frequencies [173, 174]. The switching is experimentally realized by introducing a
liquid crystal (LC) to a spoof SPP structure. A temperature-induced phase trans-
ition results in a refractive index change that shifts the resonance frequencies of
the structure. It is experimentally demonstrated how this can be used to switch
between an off and on state. A design for a switchable Y-junction is presented.
The temperature-induced phase transition in the liquid crystal results in a small
change in refractive index n. The change in n based on the thermal phase trans-
ition (Ang77m. ~ 0.02) is smaller than the optical or electrically controlled change
between the ordinary and extraordinary orientation (An ~ 0.2) [175], but is easier
to implement experimentally. The SPP waveguides have the geometric properties
p = 200pm, d = 40 um and h = 80 um. Knife-edge scattering is used with the
knives immersed in the liquid crystal, as shown in Figure 6.13. The complete area
between the blades is covered in LC (Merck E7), and the blades are immersed as
well. This ensures that all SPP propagation takes place at the metal/liquid-crystal
interface only. The horn antennas of the VNA extenders are aimed at the gap
between knives and sample from a distance of < 5cm on both sides of the sample,
so that transmission spectra are recorded. The bottom side of the substrate is
heated to induce the change in n of the LC. Temperature probes are used to record
the temperature at the bottom of the sample.

The behaviour of the 1D groove structures with no LC present has been discussed

154



6.3.4. Switchable Spoof Surface Plasmon Polariton Terahertz Structures for
Reconfigurable Photonic Circuits

earlier and the agreement between theoretical and the experimental results are
shown in Section 6.2.1. However, the simple analytical model developed in [159]
does not account for a dielectric other than air. Nevertheless, in analogy to the
analytical model, the phase transition and the concomitant change in refractive in-
dex can be interpreted as a change in optical path length which changes the band

structure accordingly.

At room temperature, the LC is in the nematic phase and the transmission, as
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Figure 6.13: a) Illustration of the measured switchable spoof SPP liquid crystal
samples. The knives, which are used to couple the THz radiation in and out of
the horn antennas, are immersed in the liquid crystal. The relevant geometric
properties are indicated. b) Transmission spectrum of the spoof SPP structure in
its “on” state at room temperature (red) and “off” state above the phase transition
temperature above 61°C (black). The difference between the two states switchable
states at 0.86 and 1.1 THz is approximately 10 dB.

seen in Figure 6.13b, resembles a flat line without any striking features, meaning
that SPP propagation takes place in a frequency region where no band gaps are
present. The temperature is increased in 5°increments. With the used heating

method from underneath the sample, which is also the point where the temperat-

155



6.3.4. Switchable Spoof Surface Plasmon Polariton Terahertz Structures for
Reconfigurable Photonic Circuits

ure is measured, the phase transition temperature cannot be resolved with a higher
temperature resolution. The transmission remains flat when the temperature is in-
creased, and there are no changes to be observed up to 60°. If the temperature is
raised above ~61°C, the LC makes a transition to the isotropic phase which leads
to two significant dips in the transmission spectrum at 0.86 THz and 1 THz. The
modulation depth, the difference between the on and off state, is 10 dB for both
frequencies.

Similiar structures, as shown at the beginning of Section 6.2.1, show a sharper
cut-off with a steeper roll-off and a drop off of approximately 20-30 dB. This can
be explained by the fact that the cut-off is sharpest at the first resonance of a
structure, i.e. at the frequency of the fundamental mode. The approximation of

the dispersion relation is restated here for convenience:

kg = w\/(p_j)2 tan? (Wh> +1. (6.20)

c p c

Therefore the fundamental resonances are spaced by multiples of the first funda-
mental resonance fy or every time the tan? reaches an asymptote. Since the first
fundamental resonance of a structure with similar geometry without LC is in the
order of 1 THz, even the introduction of the LC, which will decrease the spacing
between fundamental resonances proportional to the increase in the optical path
length of h ~1.6 cannot explain the small spacing of ~0.1 THz between the two
resonances. The small spacing between the resonances, and their disappearance
rather than shift, indicates that the observed dips in transmission are due to sec-
ondary resonances after the cut-off as they are also observed in the simulations
(Figure 6.14 black and red lines).

FDTD simulations are used to explore the maximum modulation depth between
two states and possible applications based on the change in n, using literature
values for the E7 LC at THz frequencies [175-177]. Figure 6.14 shows that the
thermally-induced phase transition results in a much smaller shift in the 3 dB cut-
off frequency of 0.02THz than the shift induced by electrical/optical control of

0.1 THz which reflects the difference in An between the two switching methods.
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The smaller shift makes it more difficult to exploit the effect for technical applica-
tions and reduces the modulation depths, demonstrating that for real applications
an electrical control is desirable, which additionally also allows fast switching in the
order of kHz rather than Hz for the thermal switching. While the simulation results
show a qualitative fit with the experimental results, the quantitative difference is
larger than observed with the SPP structures without LC. This can have several
reasons, the primary probably being that the surface tension of the LC prevents
a completely uniform coverage, especially within the grooves, since the LC is dis-
pensed on top of the sample. Additionally, the simulations do not account for the

anisotropy of the LC’s Nevertheless, the switching enables new applications at THz
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Figure 6.14: FDTD simulations to compare the different switching mechanisms
of liquid crystal spoof SPP structures: While all curves show approx. the same
drop in transmission at their cut-off frequency (f3dB, indicated for green curve)
the temperature-induced phase transition (black and red curve) only shows a small
change in cut-off frequency of 0.02 THz, while the optical or electrical induced
change in cut-off frequency is 0.1 THz.

frequencies, such as reconfigurable photonic circuits, e.g. by extending the func-
tionality of Y-splitters [178] or the previously shown demuxer to include switchable
branches. By using two different spoof plasmonic geometries in the branches, the
change in n can be used to shift the transmission curves in a way that one branch
is transmitting when the LC is in its high n state while the other branch is blocked
and vice versa when the LC is in the low n state. Such a concept is shown in

Figure 6.15. The lower branch of the switch is transmitting when the LC is in the
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extraordinary orientation (n = 1.74). The right arm is switched “off” with strongly
reduced transmission. When the LC is in the ordinary orientation with an n of 1.59,
the right arm is switched “on” and the left is switched “off” (refractive indices from
[177]). The design of the concept is kept as simple as possible with the minimum
number of geometric changes between the different SPP structures. It comprises an
injector that guides the THz radiation to the Y-junction which is not immersed in
the LC with the geometric parameters p = 50 pum, d = 20 ym and h = 50 ym. Min-
imising the exposure of the waveguide to the liquid crystal is necessary to reduce
losses because the LC has a higher attenuation coefficient than air, being highest
in the ordinary orientation with 14.3cm™! [177]. Both branches are immersed in
LC and are mirrored with the same lateral geometry (p = 110 um, d = 40 um) and
only differ in height (left branch: A = 120 um, right branch: h = 125 um). At a
simulated operational frequency of 0.7 THz the modulation depths are 14.7dB for
the left branch and 17.9 dB for the right branch.

The efficiency of the device is high with up to ~54% of the power entering the
Y-junction measured at the end of the transmitting arm, given that a Y-junction
usually splits the incoming power equally. The efficiency could be further increased
by matching the dispersion curves of the structures to reduce coupling losses at the
transition between two waveguide geometries, but this would require more complex
geometry changes which might become feasible with the recent developments in 3D
manufacturing for THz structures, as demonstrated with 3D printed waveguides
[165]. This newly gained freedom in structure design also enables the use of much
smaller microcavity filters [179] as the active switching zone, which could be used
as a junction which would reduce size and losses even further.

In summary, switching of spoof SPP waveguides has been experimentally demon-
strated and a switchable Y-junction proposed as an application for integrated
photonic circuits has been presented. Both the measured switchable waveguide
and the Y-junction have a high modulation depth of above 10 dB which makes this

first concept feasible for applications.
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Figure 6.15: a) Illustration of the investigated reconfigurable waveguide. The in-
jector guides the THz radiation to the Y-junction and is not immersed in the liquid
crystal, to reduce losses. The geometry of the waveguides changes at the junction
so that the waveguides operate at the same frequency as the injector while being
in the higher n environment of the liquid crystal. They differ in height so that they
are resonant with the operational frequency of 0.7 THz when the n is in different
states. b) The electric field distribution at the two waveguides in the Y-junction.
When in the higher n extraordinary orientation the left arm is switched on, while
the right arm is switched on when the liquid crystal is ordinary orientation. The
modulation depths are 14.7dB and 17.9 dB respectively.

6.3.5 Spoof plasmonic whispering-gallery resonators

Whispering gallery (WG) modes are resonances occurring inside a large resonator
(any dimension » \) with smooth edges. The electromagnetic waves of WG modes
travel around the resonator and interfere, therefore the resonance condition is that
any given point has to have the same phase (modulo 27) after a roundtrip. The
term ‘whispering gallery’ stems from the description of the phenomenon in St.Paul’s
Cathedral in London by Lord Rayleigh. The simplest form of such a resonator is a

ring, as seen in Figure 6.16.

There are some common characteristics to a WG resonator. As for every resonator,

there is the quality factor which gives the relation between the total energy stored
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Figure 6.16: Electric fields in a whispering-gallery spoof SPP resonator. The res-
onant mode is visible with a standing wave pattern with regular spacing around
the ring.

and energy lost per cycle.

stored energy wo
—_— =Wy T =
power loss AWrwHM

Q=w (6.21)

Additionally, the losses of a WG resonator are typically expressed in terms of the
individual loss mechanism [180]. The intrinsic quality factor Q;y; is the sum of the
inverse losses

Qint = Qmat + Quurs + Qucatt + Qpenas (6.22)

-1

where Q;L}lt descirbes the intrinsic material absorption, Q.

7 the surface losses,

-1

e.g. through coatings or contaminants, Q..

describes scattering losses, e.g. on
defects, and QIEL 4 describes bending losses.

As this is a general description of losses for WG resonators, not all specified loss
mechanisms are applicable for this structure. For an SPP resonator, which only
guides waves on the surface, there is no difference between the material losses and

the surface losses, making ),y redundant. Furthermore, as an SPP always suffers

from radiative losses even when propagating straight, these losses can be included
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in Qmat, as they are fundamentally a property of the materials used.

The WG resonators are coupled to two straight waveguides. While the through
measurement from port 1 to port 3, as indicated in Figure 6.17, is straightforward,
for the return measurement, the experimental set up has to be changed, due to
spatial constraints, and a collimated beam is used to couple in at port 2 and the
return signal is measured at an angle from the side at port 1, resulting in overall
lower intensity of these measurements and less pronounced peaks.

Figure 6.18 shows the frequency response of a ring resonator. The measured
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Figure 6.17: Schematic of the measurement configurations needed to characterize
a whispering-gallery resonator. While the transmission measurement is straight
forward from port 1 to port 3, the measurement of the return signal requires the
use of mirrors due to spatial constraint, as the device diameters and therefore the
spacing between waveguides is on the order of millimetres.

quality factors for these resonant features are in excess of 300. As the electric
field is more strongly confined towards the band edge, there is little transmission
at lower frequencies and no resonances are visible. Closer to the cut-off at higher
frequencies, the resonances are more pronounced and have a higher Q factor, as
seen in Table 6.3. This indicates that the radiative losses in the bendings are
reduced due to the stronger confinement with increasing frequency. This increase
of Q factor is visible for both the notches of the through and the peaks of the return

measurements. The effect of the spoof plasmonic waveguide is also visible in the
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spacing of the resonances. Common whispering-gallery resonators have equally
spaced resonances, as positive interference will only occur when the circumference

of the ring is equal to a multiple of the resonating wavelength \p
27TnmodeRmode ~x M)\R. (6.23)

The “slow light” effect of the plasmonic structures acts as a highly dispersive me-
dium on the resonances, decreasing the spacing between resonances from ~ 9.5 um
to ~ 4pum with increasing frequency for the through measurement, and from
~ 14 pym to ~ 6 pm for the return measurement. In Figure 6.18a no resonances are
visible for frequencies below 0.95 THz. For higher frequencies it is visible that the
notches and peaks of the through and return ports align well for lower frequencies,
showing that these are indeed the frequencies transmitted through the whispering-
gallery resonator. But with increasing frequency and non-linear spacing between
resonances, there is an increased mismatch between notches and peaks, as shown
in Figure 6.18b.

As the size of a ring resonator cannot be further reduced without losing the

Table 6.3: Frequencies and Q factors for the resonances of through and return
ports, designated as notch and peak respectively, of the ring resonator shown in
Figure 6.18

Resonance | Jfnotch fpeak,return
[#] [THZ] Qnotch [THZ] Qpeak
1 1.0363 104 1.0311 16
2 1.0554 139 1.0657 57
3 1.0713 235 1.0906 69
4 1.0895 304

coupling efficiency to the straight waveguides, an oval-shaped race track design, as
shown in Figure 6.19a, is employed. This design allows for further reduction in
size while simultaneously increasing the coupling region, where waveguide and ring
resonator run approximately parallel to each other.

The spectra in Figure 6.19b also show agreement between peaks and valleys of
the through and return port, but the quality factor of the resonances are lower

than for the ring resonator a with maximum value of 260. The tendency of the
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Q-factor to increase appears to be the same, as seen in Table 6.4, despite the lower
value for the third notch of the through port, as this is caused by an additional fea-
ture which is clearly visible in the linear scale during data extraction (not shown).
Overall, the spectra look like there is another resonance interfering, adding addi-
tional structure to the spectra, which partially reduces the measured Q factors.
But it is notable, that the Q factors of the return port are significantly higher for
the race track design than for the ring resonator. This indicates that the coupling
between the ring resonator and the waveguide is more efficient which is expected
due to both running longer in parallel to each other. That the Q factors of the
race track design do not exceed those for the ring resonator might indicate that
radiative losses caused by the smaller bend radius might counteract the increase in
quality factor that would be expected with the shrinkage to a smaller size.

Overall, the spoof plasmonic WG resonators offer extremely high Q-factors at a

Table 6.4: Frequencies and Q factors for the resonances of through and return
ports of the race track resonator shown in Figure 6.19. The Q,ten for the fourth
resonance is reduced as it coincides with another resonant feature.

Resonance | frotch fpeak,return
[#] [THZ] Qnotch [THZ] Qpeak
1 1.0234 81 1.0234 144
2 1.0479 121 1.0519 234
3 1.0619 232 1.0659 244
4 1.0786 | (112) 1.0790 260

small form factor, which makes them very attractive for integrated photonic cir-
cuits. The Q-factors are in the same magnitude of order as those for plastic and
quartz disks at lower THz frequencies [181]. There is additional work necessary
to find the ideal coupling for the structures [182], but the nonlinear spacing can
be useful to extend the tunable range of a device which would be interesting for

spectroscopy applications [183].
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Figure 6.18: Frequency spectra of a whispering-gallery ring resonator with a ~2 mm
diameter which corresponds to 62 periods at a pitch of 120 pm. a) The transmission
spectrum shows that at lower frequencies there are no resonances and low trans-
mission at the return port, indicating high losses and bad coupling. This changes
at higher frequencies where the coupling is increasing and as the SPP is more
strongly confined, the resonances are more pronounced. b) Zoom into the reson-
ances at higher frequencies which show that there is an increasing miss alignment
between resonant peaks at the return port and resonant notches at the through
port.
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Figure 6.19: a) Micrograph of the race track resonator. b): Frequency response of
the race track design showing that the notches of the through and the peaks of the

return port of this structure align as well. It is noticeable that the resonances are
less pronounced than for the ring resonator.
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6.4 Scattering of spoof surface plasmon polaritons in

defect-rich THz waveguides

6.4.1 Introduction

In this section,the first observation of SPP scattering from surface defects on metal-
coated 3D printed, corrugated THz waveguiding surfaces is discussed. Surface de-
fects, a result of the printing process, are shown to assist the direct coupling of the
incident free-space radiation into a spoof SPP wave; removing the need to bridge
the photon momentum gap using knife-edge or prism coupling. This effect is known
for classic, optical SPPs [184], but has not been reported for spoof SPP structures.
This is reasonable because, for operation in the microwave region, spoof SPP struc-
tures which possess feature sizes of the order of centimetres, are unlikely to include
defects on the same scale. At higher (THz) frequencies, where wavelengths are of
the order of tens of microns, semiconductor fabrication techniques are commonly
used to produce the spoof SPP structures and are thus also usually free from de-
fects comparable in scale to the used wavelengths. But 3D printing, which has
been reported for millimetre waves [164] but not for spoof plasmonic THz struc-
tures before, does exhibit a high defect density as the feature sizes are pushing
the limits of the fabrication technique. 3D printing has high commercial potential
where it competes with other serial techniques, such as milling, and can produce
low-cost and lightweight objects. One example is in the production of waveguides
for high-frequency applications. Metalised, low-density 3D printed parts can re-
place commonly used materials such as brass. For example, 3D printed, metal-pipe
rectangular waveguides capable of operating up to 1.1 THz have recently been re-
ported [165].

The free space characteristics, propagation losses and confinement of the spoof
SPPs to the surface are measured, and the results are compared to finite-difference

time-domain simulations. Angularly resolved THz spectroscopy measurements re-
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veal the scattering patterns from surfaces and are compared with Mie theory [185],
taking into account the shortened wavelength of the photons in their bound SPP
state compared to their free-space wavelength. These results confirm yet another
similarity between the properties of THz spoof SPPs and their natural, non-spoof,
counterparts at optical and infrared frequencies which also, unexpectedly, adds

functionality to the structures.

6.4.2 Results

Four 3D printed spoof SPP structures with different geometric properties and defect
densities are investigated. The geometrical and plasmonic properties, such as the
propagation length and confinement, are summarised in Table 6.5 and compared
with other spoof plasmonic structures from the literature. The structures were
first characterised to obtain their plasmonic properties, such as the transmission
spectrum, which shows the geometry dependent cut-off and knife-edge scattering
experiments to determine the propagation length and confinement of the spoof plas-
mons to the surface. This was followed by the determination of the defect density
with scanning electron microscopy and an optical surface profilometer. Finally, the
scattering of the THz spoof plasmons at the defects was measured with angular

resolved THz spectroscopy.

6.4.2.1 Sample design and dispersion engineering

The 3D-printed SPP structures have a triangular cross-section as shown in Fig-
ure 6.20. This is an unconventional shape as most 2D SPP structures have a
rectangular cross-section, as shown in Figure 6.20c, with vertical sidewalls that
are compatible with semiconductor manufacturing processes. Other shapes have
been reported in the literature and can result in stronger confinement and longer
propagation lengths [178, 186]. The rectangular geometry also results in a simpli-

fication of the equations which describe the dispersion curve, since all edges of the
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Table 6.5: Geometric parameters and characteristic lengths of the 3D printed SPP
structures in comparison with literature values. It is apparent that while the SPPs
are highly confined, the propagation length of the 3D printed structures is strongly
reduced compared to the literature values from structures with good surface quality.
p: pitch, d: grove thickness, h: height as indicated in Figure 6.20. Defect Power

Spectral Density (PSD) signal ratio: Ratio between defect peak and corrugation
peak.

Geometrical Parameters | Propagation Length | Confinement | Defect PSD Unassisted free
Sample [m] x L, signal ratio .
space coupling
p d h pm A wm A
1 150 50 30 706+181 ~2.4 75+4  0.25 2.1 Yes
2 150 50 35 384423 ~1.3 119+5 04 6.8 Yes
3 165 50 30 478432 ~1.5 75+4  0.23 7.3 Yes
4 75 30 15 590436 ~2 69+2 0.23 NA Yes
slots in metal
[163] film @028 THz 80000 75 1690 1.6 No
metamaterial array
[162] at ~1 THz 50000 176 600 2 No

structure are parallel to the electric field components. Nevertheless, a comparison
to the well-explored rectangular design which was used for the structures fabricated
with photolitography in Section 6.3 is worthwhile for understanding how the dif-

ferent geometric parameters influence the frequency behaviour and the dispersion

curve.

Figure 6.20: The micrograph (a) shows the typical triangular cross-section of the
3D printed samples and the relevant geometrical parameters are indicated in the
schematic in b. ¢) shows the crosscut of the rectangular structures with all relevant
geometric parameters laying on the axes of a Cartesian coordinate system allowing
a simpler description of the dispersion curve with equation Equation (6.20).

Again, Equation (6.1) for the disperision relation of a spoof SPP structure with
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6.4.2.1. Sample design and dispersion engineering

rectangular crosssection is restated for convenience

ky = ‘;’\/(p;zd)2 tan? <2ﬂcfhh> +1. (6.20)

The curvature of the dispersion relation is predominantly determined by the depth

of the grooves, h. Since the velocity of the SPP is proportional to the slope, this
variable has the largest influence on the SPP propagation properties. The fraction
of pitch p and groove thickness d allows one to fine tune the cut-off frequency,
so a change in ratio results in a shifted curve with similar shape. To understand
how these changes in geometry and the concomitant changes in the dispersion
curves influence the transmission properties of the actual samples the different
dispersion curves are compared with transmission spectra obtained from Finite-
difference time-domain (FDTD) simulations in Figure 6.21. Similar changes in
dispersion curves and transmission spectra can be seen for a relative change of
15% in pitch p, which has only little influence other than on the cut-off frequency
while the shape remains comparable, but an equal relative change in depth of the
grooves h has a large influence on the slope with a smaller change in the cut-off
frequency. The shapes of the transmission curves can be compared in a quantitative
way using the usual metrics of the 3dB cut-off frequency and the roll-off, the linear
part of the slope after the cut-off. When the pitch is changed the roll-offs change
from 560 to 562 dB/THz with a shift in the 3 dB cut-off frequency of Af ~ 0.08 THz
(blue/green lines); but the slope changes significantly to 263 dB/THz with an equal
change in height (blue/red lines). This indicates the transmission data can indeed
be used to deduce the shape of the dispersion curve. Following on from this, the
effects of the same relative geometrical changes on the transmission properties of
the triangular SPP structures in Figure 6.21b is compared. The cut-off frequency
of the triangular SPP structures is also most sensitive to the change in pitch (Af ~
0.1 THz, green/blue lines), but in contrast to the rectangular structures, the slope
also shows a significant change from 1000 to 1739 dB/THz. This indicates that
not only the cut-off frequency changes with the pitch but also does the overall

shape of the dispersion curve. On the other hand, the change in height results in a
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6.4.2.2. THz characterization

transmission curve shape which is comparable with the original curve, with a roll-
off of 706 dB/THz and a smaller shift of Af ~ 0.03 THz. This suggests that the
design rules are not as straightforward for the triangular SPP structures as they
are for the rectangular structures, where a change in a single parameter mostly
changes only one characteristic of the transmission curve, but they do potentially

add greater flexibility in design.

a) b)

2 0.1

0.01

|

L
N

0.001

1e-04]

Frequency [THz]|
—

Transmission [a

1e-05 —
= Original structure
~~15% increased pitch
=~15% increased height

- Original structure
- ~15% increased pitch
—~15% increased height

0 01 02 03 04 05 06 07 08 09 1 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
wave vector k [a/n] Frequency [THz]

Figure 6.21: The comparison of the calculated dispersion curves of rectangular
SPP structures (a, 6.20) with the transmission spectra (inset a, from FDTD) of the
rectangular structures shows how the changes in the dispersion curve influence the
transmission properties. With this, the influence that the changes in the geometry
of the triangular SPP structure have on the dispersion curve from its transmission
spectra can be deduced (b) by comparing the changes in transmission characteristic
(cut-off frequency, roll-off). Original structures: p = 150 um, d = 50 um, and
h = 30 um, with p = 175 um for the increased pitch and p = 35pum for the
increased height.

6.4.2.2 THz characterization

The non-linear dispersion relation of SPP results in an increased momentum of the
quasi-particle, in comparison to a free space photon, near the cut-off frequency.
There are two common ways to bridge the momentum gap: high refractive index
prisms, and scattering [184]. The latter technique, called knife-edge scattering in

experimental setups, is favourable for broadband SPP structures because a wider
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6.4.2.2. THz characterization

range of frequencies can be addressed simultaneously as the scattering offers a wide
range of momenta. The 3D printed structures investigated here, however, do not
require any such coupling techniques in contrast to previously reported THz spoof
SPP structures. Here it is assumed that this property arises from the defect-rich
surface. The Fourier decomposition of a rough surface contains many different
wave vector components, enabling the excitation of many different SPPs over a
wide range of angles simultaneously. The wide range of momenta available directly
after the scattering at wavelength-sized defects results in the potential launch of
SPPs at every defect. Although surface roughness as a means to launch SPPs is

well known for optical frequencies, it has not previously been reported for spoof

SPPs [187-190].
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Figure 6.22: Transmission spectra of 3D printed spoof SPP structures with a tri-
angular cross-section measured without additional means of coupling. A schematic
of the measurement setup is shown in the inset. The THz beam originating at the
horn antennas is collimated by a parabolic mirror, propagates across the surfaces
and is then focused at the receiving horn antenna by a second parabolic mirror. The
spectra agree very well with the results of the FDTD simulations in Figure 6.21.
FDTD simulation of sample 4 shown in has simulated a cut-off frequency around
1.5 THz and, therefore the sample exhibits a flat spectrum in the measured range.

The transmission spectra in Figure 6.22 are measured by placing the 3D printed
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6.4.2.3. Defect density

devices in the collimated part of the beam between two parabolic mirrors without
any additional means to couple from free space. The same measurements were
repeated with the antennas pointing at an angle of 60° to the surface normal,
to exclude the possibility that the free-space coupling happens due to edge-firing
[151, 184]. The key characteristics of SPPs are the propagation length and the con-
finement of the SPP to the surface [151]. Both characteristic lengths are obtained
by variations of the knife-edge scattering arrangement, as described in Section 6.1.3.
Typical results of these measurements are shown in Figure 6.23 alongside the well
matching fit of the exponential decay (all R? > 0.995). The results of the fittings

can be found in Table 6.5.
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Figure 6.23: Measurement to extract the propagation length L, and the confine-
ment L, for sample 2.

6.4.2.3 Defect density

The high defect density of the 3D printed samples is apparent when looking at the
micrographs in Figure 6.24, where various types of defects are visible. For example,
there are deformations to the surface along the ridges, probably originating from
the stepwise printing process; defects where the grooves are damaged or incom-
plete; and debris, most likely originating from excess resin that forms irregularly
shaped objects, on the surface.

The surface profiles allow the average power spectral density (PSD) to be calcu-
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Figure 6.24: Micrographs from the sample surfaces. a) The ridges of the structures
show a corrugation along the direction of printing, probably caused by the stepping
of the printing process. b): Low surface quality like the incomplete printed groves
are an indicator that the feature sizes push the limits of the technique used. c¢)
Debris formed by excess resin.

lated which, in turn, gives access to the statistics of the surface roughness. As the
term PSD is loosely defined and is displayed with different units on the x- and y-
axes [191], the specific technique employed here are briefly elaborated. An averaged
PSD is used, which has wavelength rather than the frequency on the x-axis, and is
particularly useful for surface metrology applications as the wavelength correlates
to the feature size. To evaluate the quality of the periodicity, an anisotropic PSD
has been used which only includes horizontal spectral components, therfore cutting
across the corrugations along the direction of propagation. To identify the rela-
tionship between the quality of the target feature (the period of the grooves) and

all other features on the surface, an isotropic PSD is used which includes spectral
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6.4.2.3. Defect density

components from all directions. The parameters typically extracted from the PSD,
such as surface roughness, are of limited use for a corrugated film, as the periodicity
itself is the main contributor to it, and the defects would only be a deviation of
the ideal value. However, the histograms of the PSD do show the distribution of
features by their size and the intensity. A PSD of an ideal structure, for example,
would only exhibit one infinitely sharp peak at the frequency of the chosen peri-
odicity. A broadened peak at the wavelength of the periodicity indicates deviation

from the periodicity, amplitude at any other wavelengths are indicative of defects.

Figure 6.25: 3D maps from the optical profilometer measurements. a) shows the
alternating height on sample 3. b) shows the surface roughness on the top of the
ridges. c¢) while the presence of grooves on sample 4 is visible, the defects are
in the same size order as the periodicity. d) The micrograph of sample 4 on the
other hand, gives the impression that there is a periodicity that could support the
measured spoof THz SPPs.

The high defect density shown in the 3D visualisation of the profilometer measure-
ments in Figure 6.25 is visible in the micrographs taken with an SEM in Figure 6.24

as well. A chromatic lens profilometer has been used to provide a more quantitative
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6.4.2.3. Defect density

analysis of the defect density. The surface profiles allow the average (PSD) to be
calculated which, in turn, gives access to the statistics of the surface roughness.

Figure 6.26 shows that the periodicities of samples 1-3 are in good agreement
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Figure 6.26: a) Averaged Power Spectral Density (PSD) including only horizontal
wave vectors that go across the corrugation of the SPP structure. The first three
samples are in good agreement with the target values listed in Table 6.5; the
fourth sample does not have any prominent features. b-e) PSD only including the
horizontal wave vectors in comparison with the PSD including wave vectors of all
directions. While the periodicity of the structure dominates along the horizontal
axis, the high amount of roughness and defects becomes apparent when considering
all directions.

with the target parameters listed in Table 6.5, with 150 ym for samples 1 and 2
and 166 pm for sample 3. Additionally, two additional broad peaks can be seen for

structure 3 at roughly double the wavelength of the desired periodicity. The 3D
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visualisation of the surface in Figure 6.25a indicates that this might be caused by
the variation in the height of every second groove. Furthermore, Figure 6.26 also
shows that all structures have an above zero amplitude at most other wavelengths,
indicating a broad range of defects. This is affirmed when comparing the horizontal
component PSD with the PSD that includes all directions for each structure (Fig-
ure 6.26b-e).

Here it is shown that besides the prominent peak at the wavelength of the peri-
odicity, there is a very well defined feature at shorter wavelengths and some small
peaks scattered over the spectrum. The 3D maps and SEM micrographs show that
this part of the PSD is indeed caused by the roughness or defects on the surface.
The larger peak at the shortest wavelengths is most likely due to the general sur-
face quality whereas the other smaller peaks in the spectrum are caused by other
defects, for example debris or incomplete structures as seen in the micrographs in
Figure 6.24.

The PSD spectra can be used to quantify both the quality of the periodic SPP
structure and the defect density. The periodicities of sample 1-3 are in good agree-
ment with the target parameters listed in Table 6.5, with 150 ym for sample 1 and
2 and 166 pm for sample 3 but structure 4 shows no periodicity. The Full Width
Half Maximum values for the first three samples are 8, 7.4 and 9.4 ym respectively,
meaning that the periodicity has a deviation of +3%. Besides the prominent peak
at the wavelength of the periodicity, there is a very well defined feature at shorter
wavelengths and some small peaks scattered over the spectrum. The 3D maps
show that this part of the PSD is indeed caused by the defects on the surface. The
maximum of the defect peaks is between 15 and 20 ym and they all have a FWHM
of ~ 8 yum. While the PSD can provide information on a surface, e.g. the surface
roughness, it is not possible to extract a defect density. It is, however, possible
to obtain a quantity that gives a good estimate on the number of defects on the
surface by comparing the ratio between the contribution of the defect signal and

the corrugation signal of the PSD. This ratio varies from 2.1 for sample 1, which
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therefore is the defect poorest, up to 7.3 for sample 3, which is the defect richest.
Sample 4 could not be evaluated this way; the PSD as a method of evaluation
struggles with the smaller sizes and becomes meaningless when the surface rough-
ness is of the same length scale as the feature height. Even the autocorrelation
function in the PSD process cannot discriminate between the periodic signal and

the noise when the defects are dominant.

6.4.2.4 Angularly resolved THz measurements

The scattering at defects on surfaces or rough surfaces are well-studied for nanometre-
scaled defects and roughness at optical frequencies [185]. The properties of defect
rich spoof plasmonic surfaces, however, have not been previously studied, as many
spoof plasmonic experiments are conducted at microwave frequencies where no un-
intended defects due to manufacturing tolerances occur and defects are usually
well defined and intended [192, 193]. As a first approximation, the defects can be
regarded as metallic spheres and as the THz radiation propagates in the plane of
the sample surface only, the well-known case of Mie scattering on a metal cylinder
applies [194]. The measurements focus on the forward scattering properties, as
these are the ones that can be determined experimentally, due to the geometrical
constrains caused by the size of the THz transceivers. Section 6.4.2.4 shows the Mie
scattering at a perfect electrically conducting sphere with a radius r = 20 ym for
different wavelengths (from FDTD simulations). When the sphere is significantly
smaller than the wavelengths (r < 1/5)) the scattering becomes less omnidirec-
tional than at longer wavelengths where there are no striking features in the curve.
For wavelengths of the order of the radius, forward scattering dominates, but with
pronounced side lobes. These side lobes are known to increase in intensity and scat-
ter more towards the forwards direction when the particle is placed on a substrate
[195]. If these insights are applied to the present situation of scattering from de-
fects on spoof plasmonic surfaces at THz frequencies, it can be expected that a first

scattering event of a free-space photon will result in a nearly omnidirectional scat-
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tering, as the free space wavelength is much larger than the measured defects. The
spoof plasmonic surface, however, has a preferred direction of propagation across
its corrugation where it is able to support SPPs. Therefore, the omnidirectional
scattering only excites an SPP in the direction across the corrugation. The SPP
waves have smaller wavelengths than their corresponding frequency in free-space
and, therefore, will exhibit a different scattering pattern than the free-space wave
for the same defects. As the samples have a high defect density, the effect of mul-
tiple scattering events needs to be taken into account along with the polydispersity
of the defects. An increasing defect density leads to a reduction in the lobe pattern
which is replaced by an increasingly uniform field pattern [185]. Furthermore, the
polydispersity also decreases the visibility of the lobed pattern, as similar but not
identically sized scatterers will have coinciding minima and maxima, as seen in
Section 6.4.2.4a for wavelengths 10 — 15 um. The results from FDTD simulations
of a defect-rich SPP waveguide in Section 6.4.2.4b show that while the scattering
intensity strongly increases with the number of defects from a sparse to a defect rich
surface, the scattering intensity saturates quickly and the weak lobe pattern that is
visible for lower defect densities disappears into wide, uniform lobes. Additionally,
the scattering lobes move towards the centre with increased defect density. All this
is in agreement with the previously described behaviour at optical frequencies of
multiple scattering [185].

For the FDTD simulation, a workaround was used to address the issues accompan-
ied by the attempt of simulating a realistic defect-rich SPP sample. It is challenging
to generate a realistic model as it requires a significant level of computational re-
source for multiple reasons: To simulate Mie scattering a single defect has to be
mapped with multiple mesh points; the simulated domain has to have a certain
minimum size to allow multiple scattering; and the area has to be large enough
to be of statistical significance, so that the positioning of individual defects does
not significantly change the results. A simulation fulfilling all these requirements

would require terabytes of RAM. To realise a simulation on the available work-
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station with 128 GB RAM a smaller area of the SPP waveguide with randomly
distributed defects is simulated. This step is repeated multiple times with differ-
ent random distributions of the defects until the results converge and do not show
significant change with the next iteration.

There are some considerable differences between the FDTD simulations and the
experimental measurements: In the FDTD simulation a wave is launched at one
end of the structure and then a far field projection of the electric fields at the
other end of the structure results in the plots in Section 6.4.2.4 ; in the experiment,
the source rotates around the sample and the receiver is stationary, i.e. the THz
wave propagates in the opposite direction. Whilst Maxwell’s equations are time
reversible, the order in which the scattering events take place might matter. Un-
fortunately, neither an angularly-resolved FDTD simulation nor swapping receiver
and transmitter in the measurements is feasible because of the vast computational

resources required or the increased loss of signal, respectively.

Angular measurements were obtained over a range of +45°; a schematic of the
experimental setup is shown in Figure 6.28. For these angular measurements, the
sample was placed at the pivot point, and the collimated beam is rotated around
it at a fixed distance, as the receiving antenna remains stationary. The collimated
beam has a diameter of 10 mm. The plotted intensity is the averaged intensity at
this angle for all frequencies below the cut-off of the SPP-structure. All angular
measurements are normalised to the 0° transmission of the same sample to avoid
alignment dependent intensity differences. The frequency-resolved angular plots
are normalised with the bare antenna in the pivot point instead of the SPP wave-
guide, to adjust for eventual antenna characteristics.

The polar plot in Figure 6.28 shows that all four samples have an increased accept-
ance angle compared to the bare horn antenna used as a reference. Additionally,
multiple side lobes are visible, which resemble the shape of the previously shown

Mie scattering plots. The side lobes are most pronounced for samples with the
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Figure 6.27: a) The forward scattering of THz radiation with different wavelengths
incident on a metallic sphere with a radius of 20 um as predicted by the Mie theory
(from FDTD simulation). b) Simulation of the angular scattering pattern of a

defect rich sample with different defect densities.

highest defect concentration, with samples 2 and 3 showing the first side lobes just
below the —10dB mark, which is in good agreement with the simulations that
quickly saturate in their side lobe intensity, which explains why the intensities are
very similar despite having different defect densities. Additionally, the side lobes
of samples 1 and 3 are nearly identical in shape and only vary in intensity, which

again agrees with simulations where the side lobe shape is preserved for lower de-
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fect concentrations. While sample 3 has an even higher defect concentration which
is expected to result into a broadening of the side lobes, the broadening could be
also attributed to the larger defects found in the PSD for this sample, especially

since some additional side lobes at higher angles are visible as well.
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Figure 6.28: Schematic of the angular measurement setup (left) and the polar plot
of the results (right). The angular plot shows the averaged intensity below the
cut-off frequency of the individual samples. All SPP samples show an increased

acceptance angle. Additionally, side lobes as they are known from Mie scattering
are visible.

The frequency-resolved plots of the angularly-resolved measurements in Figure 6.29a
reveal Mie like scattering characteristics similar to the theoretical case in Sec-
tion 6.4.2.4a: When varying the frequency within the narrow band below the cut-
off frequency of the SPP waveguide, it can be seen that the scattering side lobes
change their angle increasingly towards the forward direction. Despite the nar-
row frequency range, the scattering angles of the forward scattering lobes changes
from ~ 6° for the highest frequency (0.9 THz) to ~ 12.5° for the lowest frequency
(0.8 THz), while according to the Mie theory, there would be hardly any change

expected for a free wave scattering from particles of this size.
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This is an indicator that the wavelength of the scattering wave has to be signi-
ficantly shorter than the free-space wavelength, as otherwise the scattering pat-
tern would be omnidirectional and would hardly vary with such small wavelength

changes of less than 10% of the wavelength.
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Figure 6.29: a) Frequency resolved angular plots show that the scattering lobes
move toward the forward direction with increasing frequency. Due to normaliza-
tion with the bare horn antenna, the forward scattering lobe is removed. b) The
nonlinear dispersion curve shows the bound nature of the wave and the increasingly
shortened wavelengths compared to free-space towards the cut-off of the sample.

It is challenging to directly measure the bound SPP wavelength as it is impossible
to directly measure the wave vector k = 27/\. It is, however, possible to extract
the phase constant /3 from S-parameters, which is proportional to |k| where § is the
real part. As expected, the dispersion curve in Figure 6.29b, shows an increasing
B as the frequency approaches the cut-off frequency. Due the narrow frequency
band (0.75 to 1.1 THz) of the THz vector network analyzer the convergence of the
SPPs dispersion curve and the light line at lower frequencies cannot be observed.
However, the dispersion curve does indicate that the SPP wavelength is around half

the length of the wavelength of a freely-propagating wave at the same frequency.
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6.4.3 Discussion

The most general approach to interpret the results of the angular measurements
is to compare them to Mie theory. Whilst this comparison has to be of a qualit-
ative nature, as Mie theory usually accounts for spherical (or cylindrical) uniform
particles, which is not the experimental reality as the micrographs show, the shape
of the measured polar plots still closely resemble Mie scattering. The similarities
are even larger when taking multiple scattering events into account. The observa-
tion of the side lobes at these defect sizes is interesting in itself, as the majority of
the defects are in the order of 5-10% of the free space wavelength and one would
usually expect a uniform scattering pattern without lobes and with equal contri-
butions to the backward and forward scattering. However, the observed scattering
pattern shows more similarities to the scattering typically found with wavelength-
sized defects. The most likely explanation is that the scattering of the bound SPPs
is observed, which have a much shorter wavelength than their free space equivalent,
but the THz radiation still has to couple to the surface first. The observed pattern,
therefore, would be a convolution of the scattering of the more omnidirectional
scattering of the free-space wave on particles much smaller than the wavelength
and the scattering of the bound SPP wave on the same defects, but this time the
wavelength is in the same order as the defect size. This fits with the observed
changes in the different defect densities and distributions. It is worth noting that
the two samples with similar defect size distributions (1 and 2) have the same
shape of side lobes, and the two samples with the same defect concentration have
the same amount of scattering/similar intensity of their side lobes (2 and 3), but
different shapes of the scattering pattern.

Table 6.5 shows that while the SPPs are strongly confined to the surface of the 3D
printed structures, the propagation lengths are only of the order of the wavelength
itself. The confinement is between 69 ym and 119 pm, which is a third to a quarter
of the free-space wavelength and to which the FDTD simulations agree which show

an extension of ~ 70 —110 yum. The map of the electric field strength in Figure 6.30
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gives a good impression on how localised the fields are due to the triangular shape

of the plasmonic structures.

400
20
300 =
Ezoo [ E
>‘ ]
100 I’
0

1005700 200 300 400 500 600 700 800

X[pm]

Figure 6.30: The crosscut of the triangular SPP structures from FDTD simulation
shows the strong confinement of the electric field strength on top of the structures.

This confinement is approximately four times higher than that for previously repor-
ted THz SPP structures [162, 163], but the propagation length is just greater than
two free-space wavelengths, which is extremely short in comparison to the order of
tens [163] or hundreds [162] times the wavelength in literature. The sample with
the lowest defect concentration has the longest propagation length, indicating that
the short propagation length is caused by the defects.

Whilst enabling unassisted free space coupling, the defects also cause constant
decoupling of the SPPs, resulting in high radiative losses, and hence very short
propagation lengths. Even if the unassisted coupling is very useful for intercon-
nect applications, the attenuation is of the order of 10dB/mm and so is too high
for waveguides. Better control of the printing quality, or potentially some post-
processing, would circumvent this issue by having a defect-free waveguide with
only small sections with defects to couple in and out. Better control of the print

quality also opens up the possibility of tailoring the receiver characteristics, for
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example, by making forward scattering dominant or tailoring the acceptance angle

of the structures to minimise cross-talk in highly integrated photonic circuits.

6.5 Conclusion

In this chapter, high-quality, nearly defect-free, SPP structures fabricated with
traditional photolithography are discussed, which allows for the construction of in-
tegrated photonic components and defect-rich SPP waveguides fabricated with 3D
printing, which exhibit new physical effects.

The optimum width for spoof SPP structures for integrated circuits have been eval-
uated to be around 200 um to make the waveguides as compact as possible while
simultaneously having a well predictably resonant frequency, as a further reduction
in width increases the resonant frequency exponentially.

The coupling between THz spoof SPP waveguides has been discussed to optim-
ise the coupling distance for energy transfer between waveguides and to evaluate
the maximum packing density. Ideal coupling to transfer almost all energy from
one waveguide to another has been determined to be 40 um. To suppress energy
being transferred from one waveguide to another the distance can be reduced to
20 — 30 um, which means SPP waveguides can be densily packed without crosstalk
instead of increasing the distance between two waveguides until no power is trans-
mitted. How these coupling properties can be used to design devices such as a
Y-splitter and demultiplexer has been shown, with isolation in excess of 30dB
for 20GHz wide channels at 0.95 THz for the demultiplexer, showing that the
concept of SPP multiplexer is feasible for communication applications. On- and
off-switching of spoof plasmonic waveguides with liquid crystals has been exper-
imental demonstrated with a minimum modulation depth of 10dB. It has been
explored how this effect can be combined with the waveguide coupling to produce
switches. Whispering-gallery resonators have been used to show that the losses of

the waveguides produced with photolithography are low enough to produce high-
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quality resonators with Q-factors above 300.

The free-space coupling of THz radiation to 3D printed defect-rich spoof SPP sur-
faces was demonstrated. While the SPPs are strongly confined to the surface with
an extension of less than a third of the free space wavelength, the propagation
lengths however are only in the order of a few free-space wavelengths due to the
scattering on the many defects, which is significantly lower than the expected val-
ues of hundreds of free-space lengths for defect free structures. The scattering
patterns of the structures have been investigated by comparing them to Mie the-
ory, which revealed that the scattering is dominated by the bound SPPs rather
than the free-space waves, as the forward scattering lobes vary too strongly with
frequency. Samples with similar defect size distribution show the same scattering in
their side lobes, while samples with similar amount of defects show similar amount
of scattering intensity, which matches the prediction from FDTD simulations. To
the best of my knowledge, this is the first study on scattering of spoof SPPs.

The resulting observed unassisted free-space coupling of radiation has great poten-
tial for highly integrated photonic circuits, as no other components to couple are
necessary and the radiation patterns can be tailored to the needs of the application,
e.g. to minimising cross-talk between interconnects or for frequency selectivity. For
this, improvements in the printing quality are necessary for better control over the
surface quality and intended “doping” with specific defect concentration and dis-

tributions.
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CHAPTER 7

Conclusions

The field of THz technology has matured considerably over the past two decades.
It developed from a purely scientific driven subject, with only the astronomy com-
munity having actual activities outside a lab, to an application-driven field with
a wide range of activities in different fields of industry. While the main attention
used to be on the development of sources and detectors, considerable strides have
been made in the field of auxiliary components as well. In this thesis, a novel fab-
rication methods and materials for THz components were presented that will help
the ongoing maturing process of THz technology towards a developed industry.
Additionally, some of the more recently developed instruments are used to develop
measurement techniques that make THz measurements more useful for applica-
tions.

Chapter 3 presented a new material for THz optical components and wave plates.
The new material, Shapal, has a high refractive index while having acceptable
losses and being considerably easier to machine than the popular HRFZ-silicon.
As a ceramic, this material is also resilient to scratches and temperature influ-
ences, and comparably cheaper than the aforementioned silicon, making it a viable
candidate for industrial applications. The need for such materials will increase
if THz instruments are used for in-line testing or for medical applications, where
shatter-resistant optics are required.

The high-contrast gratings used as wave plates are a young class of components

187



7. Conclusions

on their own. Due to the long wavelength and therefore large feature sizes, as
compared to infrared and optical components, this type of component could for
the first time be produced with 3D printing and laser-cutting. Many components,
such as waveplates and filters, are currently not readily available and expensive
at THz frequencies. The increasing availability of in-house fabrication techniques
allows printing such optical components for the lab use. Additionally, due to the
small form factor, high-contrast gratings are also attractive for the integration into
THz systems. They might offer an alternative as frequency selective reflectors to
other techniques, such as grown Bragg reflectors, for active THz components.

In chapter 4, the use of photonic crystal cavities for the Enhancement of THz
spectroscopy is discussed. First, how the constraints of a finite extension, a con-
sequence of the longer wavelength of THz components, influenced the resonant
behaviour of the cavities is considered. This was followed by the design of mi-
crofluidic channels integrated into cavities. It was shown the cavity increases the
sensitivity during spectroscopy of liquids at THz frequencies. By transporting this
design to an existing photonic crystal platform the basis for a THz lab-on-a-chip
was created. The lab-on-a-chip approach is desirable for THz applications, as it
addresses issues like intensity losses in free-space measurements and, in particular,
a more controlled measurement environment for the spectroscopy of liquids. The
lab-on-a-chip, therefore, might be a viable candidate for THz in-line sampling of
liquid processes, which otherwise have to be tested ex-situ in a lab.

Chapter 5 presented the development of a THz ellipsometer for in situ measure-
ments. The development of the instrument and additional components were dis-
cussed, and the polarisation sensitivity was verified. The performance of the system
and the necessary post-processing of the data is shown with the characterisation
of different materials and a comparison of the results to literature and other tech-
niques. The advantages of the reflective measurement configuration of the ellip-
sometry setup was demonstrated with an in situ thickness observation of a wafer

during etching.
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Chapter 6 presented spoof plasmonic components and the influence of the fab-
rication method on their properties. Multiple components, such as switches and
high-quality filter, are shown which shows the potential of spoof plasmonics for
integrated THz circuits. Future development will focus on active components, as
these are still rare at THz frequencies, especially with high-switching frequencies
and small form factors. The demonstrated combination of liquid crystals and spoof
plasmonic waveguides is an exciting candidate for such active THz devices. Liquid
crystals offer high switching speeds, and the spoof plasmonic waveguides can be
adjusted for any frequency region. These two advantages are especially relevant
for frequencies beyond 1THz, where there are currently no other technology can-
didates for active components.

Additionally, 3D printed spoof plasmonic waveguides are shown, which demonstrate
a previously unreported effect: the unassisted coupling of free-space radiation to
the waveguide. While the high defect density makes 3D printing currently unsuit-
able for waveguides at frequencies around 1 THz, the potential of the technology
is shown as a better control of the print quality can lead to compact interconnects

based on the scattering effects reported here.
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Further Work

The ceramic material shows that it is still worthwhile to test new materials at THz
frequencies to extend the range of available materials for different applications.
The development of 3D printers with better resolution and using different low-loss
polymers will motivate future work on 3D printed optical components and gratings.
The realisation of the proposed photonic crystal based lab-on-a-chip is currently
taking place at Osaka University. The photonic crystal used for the design in this
thesis was developed there and has been used for different communication devices.
Proof of principle measurements will show the sensitivity of the concept and the
influence of the refractive index and absorption coefficient on the measurements.
Transporting the concept of enhanced sensitivity for the spectroscopic investigation
of microfluidic channels to a spoof plasmonic platform would be desirable. While
the losses of photonic crystals are still lower, radiation in a lab-on-a-chip does
not need to travel longer distances, but the frequency agility of the plasmonic
technology would allow covering a large frequency span on a single chip.
Additionally, using a controlled ‘doping’ with defects, as presented with the 3D
printed structure, could serve as an interconnect technology for such a lab-on-a-

chip.
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Appendix

THz Vector Network Analyzer - Fundamentals

Here we explain some fundamentals about the THz VNA, starting with a general
introduction to frequency multiplying and mixing, followed by the layout of the
frequency range extenders and finishing with the beam shape of the instrument

when used in free-space experiments.

Frequency Multipliers and Mixers

Every circuit that generates or detects electromagnetic radiation requires a local
oscillator which produces a periodic signal with high stability and low noise charac-
teristics [196]. However, with increasing frequency, it becomes increasingly difficult
to build a fundamental oscillator, so frequency multipliers are necessary for mi-
crowave frequencies and beyond. Frequency multipliers use nonlinear components
to generate harmonics which can be utilised for the generation of higher frequen-
cies. There are a variety of nonlinear components available to build frequency
multipliers which have different advantages and disadvantages. Multipliers based
on varactor diodes have very high power conversion efficiencies which in theory can
reach up to 100% for low, single-digit multiplier factors but have a limited band-

width rendering them less useful for a network analyser which aims to cover a broad

217



Bibliography

range of frequencies. In addition, the variable capacitance giving the varactor di-
ode its functionality is based on a changing depletion region, and with increased
frequency the charge carrier mobility is too low to follow these changes, reducing
the change in capacitance, and the performance is severely degraded. Therefore the
frequency multipliers used in the VNA use Schottky barrier diodes which provide
a larger bandwidth than varactor diodes. The downside to Schottky barriers is
the low conversion efficiency which reduces with the square of the harmonic num-
ber, therefore a series of integrated multipliers is used, e.g. the multiplier factor
of 81 which occurs in the extenders is realised by a series of four frequency trip-
plers instead of one single multiplier with a multiplier factor of 81 (which would
be a component of hypothetical nature in any case). Nevertheless, even this design
results in low output powers in the pyW region, compared to mW powers of the
microwave region.

Since it is considerably easier to analyse a signal at lower frequencies than at THz
frequencies and with higher precision, the THz signal is translated to lower frequen-
cies through frequency mixing after passing the experimental setup. A frequency
mixer is a three-port, nonlinear device which can mix two frequencies resulting in
either a higher or a lower frequency, as shown in Figure 7.1. Hence the frequency
mixer always generates several harmonics simultaneously, the lower and higher

frequencies. Additional filters are required to select the desired product.

A

>
0 frrro Jro Jrr Jretfo S

Figure 7.1: Down-conversion from a higher frequency (RF) with a different provided
frequency (fro) to the lower target frequency (frr — fro). The simultaneously
generated higher harmonic (frr + fro) will be filtered with a low pass filter.
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Frequency Extender Layout

A schematic of the frequency extender can be seen in Figure 7.2. The incoming
signal from the network analyser (RF Input) is fed into the signal generator which
multiplies the frequency by a factor of 81, extending the incoming GHz frequencies
to the THz regime. The generator is followed by a directional attenuator, called
an isolator, which minimises the unwanted leakage of THz radiation into the signal
generator from the test port. Afterwards, two back to back directional couplers are
used; the first one to split up a fraction of the generated THz radiation to be used
as a reference signal after it was mixed down to lower frequencies by a subharmonic
mixer; the second directional coupler lets all THz radiation generation pass through
unhindered since it couples in the opposite direction to pick up the incoming THz
radiation from the test port. The THz radiation coming in from the test port is
directed to another directional attenuator which is minimising the leakage of other
frequencies into the test port. Afterwards, the THz radiation is mixed down, again
by a subharmonic mixer, to bring it to frequencies which can be processed by the
network analyser. Both subharmonic mixers are driven by the local oscillator signal
provided via the network analyser. The local oscillator signal is multiplied by a
factor of 36.

The different multiplication factors for generation and measurement are necessary
for the simultaneous generation and detection to obtain a full set of S-parameters,
i.e. reflection and transmission. The VNA uses frequencies from approx. 9.3 to

13.6 GHz to generate and approx. 20.8 to 30.6 GHz to analyse the THz signal.

Beam Shape and Control

As the frequency range extenders use standardised rectangular waveguides, as in-
dicated by the WR-1.0 in the instruments name, which is identical to the metric
waveguide standard WM-250, horn antennas have to be used to efficiently couple

the radiation to free space. The relevant dimensions of the antennas are indicated
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Figure 7.2: Diagram of the VDI frequency range extender. The different multi-
plication factors for the generation (x81) and measurement (x36) are shown. The
assymetry is necessary for the simultaneous generation and measurement. After
[197].

in the schematic of Figure 7.3. Diagonal horns are used as they can be produced
with split-block techniques, which are common in mm and sub-mm technology and

have a high fraction of about 84% of the power radiated into the fundamental mode

and about 10% radiated into the cross-polarised mode [198]. Additionally, diag-

7.

k*-k/"’Diameter

- Seam in block

Length

Figure 7.3: Schematic of the diagonal horn constructed out of split-blocks. The
indicated aperture diameters is 1.6 mm and the length is 16 mm for the antennas
used.

onal horns are linearly polarised and have low side-lobes. The antennas used here
have a taper half-angle of 2.9°, which results in a full 3dB beamwidth of 10°. The

mid-band gain of the antenna is 26 dB, as seen in Figure 7.4, but is not completely
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flat.

Due to the divergent beam, the intensity quickly drops over distance and therefore

28
//
£
[
&) /
2
0.5 Frequency [THz] L1

Figure 7.4: Typical gain of the used diagonal horn antenna. From [199].

off-axis parabolic mirrors, as seen in Figure 7.5, are used for many experiments to
increase the intensity as more radiation is collected. Additionally, depending on the
number of mirrors used, the mirrors allow the collimation (two mirrors) or focusing
(4 mirrors) of the beam. At THz frequencies mirrors, as reflective optical elements,
are often preferred over diffractive optical components, such as lenses, due to the
losses which occur in the materials of such components.

Despite the mirrors and high gain antennas, even with ideal alignment, around
5dB is lost in comparison to the ideal instrument performance that is shown in

Figure 2.7 when the waveguides are directly connected.
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Figure 7.5: Schematic of a parabolic mirror with its relevant parameters.

THz Time-Domain Spetroscopy - Data Postprocessing

As explained in Section 2.2.3, the TDS records data in the time-domain, but for
most applications, a frequency spectrum is required. With a Fast Fourier Trans-
formation fast Fourier transformation (FFT), the time domain data can be trans-
ferred into the frequency domain to analyse spectral features. An FFT is an al-
gorithm which is used to transfer a signal from its original domain, most commonly
time or space, to a representation in the frequency domain and vice versa. An FFT
is an approximation of a continuous Fourier transform. The approximation is ne-
cessary for the sampled nature of an experimental data set. The accuracy of the

approximation is dependent on the sample interval T and the truncation length,
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i.e. the number of points used [200]. Truncation is important to select the in-
formation in the relevant range and not the high-frequency components, which
are essentially zero and the number of points is typically specified as a power of
2. For a continuous function containing no frequencies larger than the Nyquist

frequency fnyquist, the Fourier transform can be determined uniquely by a given

sample interval by
1

Ty =7
2fNyquist

(7.1)

When the sampling rate is at least twice as high as the largest frequency compon-

1000
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Figure 7.6: Typical THz pulse recorded with the Durham Engineering THz TDS.

ent, it fulfils the Nyquist-Shannon sampling theorem, and no information will be
lost due to the sampling process. Truncation can introduce ripples in the frequency
domain, but these can be avoided by windowing the data, i.e. multiplying the sig-
nal with other functions. Simple examples are rectangular or triangular functions,
but usually, functions without discontinuities are preferred, such as the Hann or
Hamming windows, which are raised cosines.

There are some additional ways to make the spectrum obtained by the FFT more
useful. A typical THz pulse is seen in Figure 7.6. First of all, a correction for a
DC offset of the signal is helpful. A DC offset is a non-zero base level of the signal
in the time-domain and leads to value towards 0 Hz in the frequency spectrum and

therefore influences the amplitude scale of the FFT, as seen in Figure 7.7. The

223



Bibliography

offset can be easily corrected by levelling the signal level before the start of the
THz pulse to 0.

An additional commonly used method to improve the usability of the spectrum

Amplitude [dB, a.u.]

0 1 2 3 4 5 6 7 8
Frequency [THz]

Figure 7.7: THz spectrum obtained from the FFT of Figure 7.6. The amplitude
artefact towards 0 Hz caused by the DC offset in the time-domain signal is exag-
gerated due to the dB scale. The intensity drops considerably beyond 4 THz, but
scans with longer lock-in time constants and averaging are able to resolve 5.2 THz
LO phonon band of the ZnTe crystal.

is zero-padding. In those methods the data set size is increased by adding zeroes
to it, which results in closer spacing between data points in the frequency do-
main. However, the actual frequency resolution of the FFT will not be increased
and no additional data created, therefore the resulting effect is a smoothing of the

frequency domain data.

FDTD Simulation - Fundamentals and Background

This section discusses the fundamentals to set up simulation environment, such as
the mesh and boundary conditions, correctly for FDTD simulation as discussed in
Section 2.3. Afterwards, the simulation of dielectric and metallic materials at THz

frequencies is discussed.
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Setting up FDTD Simulations

The first step is to design the structure and to define the simulation domain with
the CAD interface that Lumerical offers. The definition of the simulation domain
includes the spatial region in 2D or 3D, boundary conditions, the simulation time
and the mesh size. As described before, the mesh defines the distance between
every calculation step and therefore, the accuracy of the simulation but also the re-
quired time and resources. The conformal mesh does not employ a fixed mesh size
but has a mesh accuracy parameter varying from 1-8 as integers. Many different
factors influence the actual mesh size of a conformal mesh, but the accuracy para-
meter allows for an impression of the accuracy used as the integer values represent
the target number of mesh points per wavelength (PPW). A value of 1 corresponds
to a target of 6 PPW, and every additional step increases this number by 4, up
to a maximum of 34 PPW for a mesh accuracy of 8. A reasonable approach is to
simulate at low accuracy first and then increase the accuracy until results converge.
The lowest accuracy values at which the results converged is the ideal meshing, as
it delivers accurate results while using the least computational resources.
Accurate meshing is particularly relevant for structures which change their prop-
erties massively even by small deviations in size, due to the resonant behaviour in
the underlying physics, such as spoof plasmonic structures.

The next step is the placement and specification of the EM-source. The source
specifies not only the frequency region of the pulse, but also polarisation, angle
of incidence and, depending on the chosen boundary conditions, the beam profile.
The results are recorded with different monitors, offering features like recording the
frequency spectrum, refractive index, electrical field and S-parameters. Lumerical
offers a variety of data post-processing features, making results like the calculation
of quality factors or far-field projections easy accessible.

Another parameter that has to be chosen carefully is the simulation time. The
simulation time has to be long enough for the radiation to propagate through all

of the simulation domain. As energy is commonly allowed to dissipate at the simu-
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lation boundaries, a cut-off value is often used to which the energy dissipates. The
value gives the fraction of the original injected energy that is still present in the
system at the given time step; the standard value is 107°. Choosing a lower value
is often necessary for resonant structures, as the energy is calculated based on all
the frequencies present in the ejected pulse and resonances might only represent a
small fraction of the total energy.

To only account for the relevant electric fields, i.e. to cut out the original pulse,
reflections, and to observe the relevant electric fields, it is recommendable to use
apodization. Apodization is a filtering technique, similar to truncation in the TDS
data processing, by gradually attenuating the undesired part of the results in the
time domain. Lumerical offers three different apodizations: Start, end and full.
The start apodization allows removing the initial pulse from the recorded data,
which is especially useful to display electric fields of resonant structures, as shown

in Figure 7.8. End apodization attenuates all signals after a given time, which can

be used to remove reflections. The full apodization is a windowed function.

0.0ZI

Figure 7.8: Example of the electric field distribution at a resonant frequency
of a spoof plasmonic ring resonator without (left) and with (right) apodization.
Without apodization, the resonances in the ring are not visible as the intensity of
the initial pulse is too high.
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Numerical Constraints and Meshing

Any numerical method based on approximation of equations faces the trade-off
between precision and computational effort. Therefore, one has to ensure that
the precision of the simulation is chosen high enough that the approximation is
reasonably well and no wrong solution is obtained. Fortunately, there are also
mathematical conditions that ensure that the numerical solution converges to a
solution. One of these conditions is the Courant-Friedrichs-Lewis (CFL) condition,
which defines a maximum time step for the simulations [201]. The condition ensures
that no energy can propagate further than one single spatial step, i.e. half a cell,
as every mesh point is computed as a function of its nearest neighbours only.

Mathematically, this condition can be expressed as
ulAt < Az (7.2)

for the one-dimensional case where u is the magnitude of the velocity, At the time

step and Az the spatial step. This can be rewritten as

uAt
= — < max .
C=-"-<C (7.3)

where C' is the Courant number. By default, Lumerical uses a time step that is
0.99 of the Courant number. C' is calculated assuming propagation of light in
a homogeneous vacuum. Once physical structures and interfaces are included in
the simulation, particularly when dispersive materials are involved, a smaller time
step is sometimes required. Reducing the time step might avoid instabilities, but
increases the simulation time.

For the two-dimensional case, the CFL condition becomes

u At uy At
= < Chaz 4
C A + Ay C (7.4)

By analogy this can be extended to the general, n-dimensional case

n u v
C = At ) < Crna (7.5)
5
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Table 7.1: Dependence of memory requirements and simulation time on the mesh
step size Az for a cubic mesh for different volumes V and areas A for 3D and 2D
simulation respectively.

3D 2D
Memory requirements | ~ V (\/Az)3 | ~ A(\/Ax)?
Simulation time ~V(\/Az)* | ~ A(\/Ax)3

The expansion into multiple dimensions introduces another issue. Even with uni-
form spatial step sizes Ax = Ay = ... = Ax; energy can propagate not along the
principal axes. For example for a cubic lattice, the distance between the diagon-
ally opposite points of the cube is \/(S)A:c, which reduces the courant number to
Crnaz < 5

The condition that any point is only meant to be a function of its nearest neigh-
bours also becomes relevant when non-cubic spacing in different dimensions is used,
which can naturally occur at interfaces with materials with large different refractive
indices, especially for interfaces not parallel to the principal axes. Therefore, inter-
faces and materials with different refractive indices have to be meshed differently
to avoid artefacts and a "staircase" effect on curvatures. Meshing describes the
process of defining the spatial step sizes within the simulation domain. Lumerical
employs conformal mesh technology, which is similar to methods described in the
literature [202-205]. The concept of conformal meshing tries to account for subcell
features by solving Maxwell’s integral equations near structure boundaries. As a
consequence, the mesh size changes dynamically and gradually near interfaces and
uses more mesh points while relaxing the mesh size in bulk materials. As a result,
the simulation accuracy is higher and complex objects are meshed correctly, while
simultaneously keeping the required computational resources low. The big advant-
age of this technique over meshing the whole simulation region with the smallest
required mesh can be seen in Table 7.1. Therefore, conformal meshing often re-

duces the simulation time to a fraction of a uniform meshed simulation.
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Boundary Conditions

Boundary conditions define the properties of the outer boundaries of the simulation
region. They are important to obtain correct results and can reduce the simulation
time when solving certain types of problems. First of all, boundary conditions are
a necessary requirement for every FDTD simulation for the following reason: A
FDTD solver approximates Maxwell’s curl equations by finite-difference equations
in every point of the simulation mesh through the energy flowing into the point
from its nearest neighbours. At the edge of the simulation domain, the nearest
neighbours do not exist and are determined by the boundary conditions. Dirichlet
boundary conditions set all those values to zero, effectively making the boundar-
ies perfect electric and magnetic conductors. While this solves the computational
problem, it also leads to reflections on the boundaries which influence the simu-
lation results or prevent the simulation from converging. Therefore, the Dirichlet
boundary conditions are hardly used as stand-alone solution nowadays but in com-
bination with perfectly matched layers (PML). PMLs are a set of layers added
outside the boundaries, typically ten or more layers, which are set up in a way that
they do absorb the radiation while simultaneously minimizing reflections. Another
possibility are periodic boundary conditions, which set the fields of one boundary
equal to the fields in the boundary opposite of it. This is obviously useful if the
simulated structure exhibits a periodic nature since the simulation region can be
reduced to the size of a unit cell. The last possibility are symmetric boundaries.
They can be used whenever the EM fields have a plane of symmetry in the middle
of the simulation region in one or more dimensions. The electric or magnetic field
components are mirrored as shown in Figure 7.9, reducing the simulation volume

by a factor of 4 or 8, depending on the simulation being 2D or 3D.
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SYMMETRIC ANTI-SYMMETRIC
BOUNDARY BOUNDARY

Electric
components

Magnetic
components

Figure 7.9: The mirroring of electric and magnetic fields for symmetric and anti-
symmetric boundary conditions is illustrated for a two-dimensional simulation
space . From [206].

Simulating Materials

Most commercial photonic simulation tools come with a set of common materials
already implemented. However, since material properties change over the elec-
tromagnetic spectrum, most of the pre-implemented materials cannot be used for
simulations in the THz region because the database only provides values up to the
near- or mid-infrared. Therefore, most materials have to be implemented by the

user.

Dielectric Materials

For dielectric materials, the simplest possibility to address this issue is to just

use a single custom value for the refractive index which can be found for many
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materials in the literature and usually remains constant over a broader range of
frequency for most materials. But this method does not account for absorption (i.e.
complex permittivity) which is substantial for many materials in the THz range.
Hence, a purely real refractive index is only used for silicon in chapter Section 4.4.3
to reduce the simulation time. The material losses of silicons are so low that
simulations show no difference when they are included. It is recommendable to use
either self-obtained data from experiments or calculations or literature values for
the complex permittivity to make the simulation as realistic as possible. For liquid
mixtures, a simple weighted average of the optical constants can be used as a first
approximation, even if this neglects eventual effects of non-ideal solutions. The

values of the material parameters used during simulation are shown in Figure 7.10.

e SilicOn == ¢ = HDPE == == PTFE Water == == Methomyl 5 wt% aqueos.
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Figure 7.10: Real and imaginary parts of permittivity for the materials used in the
thesis from literature [14, 23, 66, 207, 208]
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Perfect electronic conductor

Perfect electric condutor (PEC) is an idealised material which possesses zero res-
istivity or, equivalently, infinite conductivity. Even if PECs do not exist in nature,
they are a valid approximation for situations where the electrical resistance is negli-
gible, which is the case for metals at the THz range and even highly doped semicon-
ductors [209], as long as the thickness is larger than the skin depth. The advantage
of PECs in simulation becomes apparent when considering that a prevents the
penetration of the electric field into the medium, therefore only the field at the

interface of the PEC has to be computed.

Ellipsometry Models - Fundamentals

Here the models used for the data extraction are discussed. All the measurements
are conducted using optical isotropic samples. The first model described will be for
a single layer, used for material characterisation. The second model is an extension
for n-layers, to accommodate different sample structures and will be also used to

extract layer thickness.

Single layer model

As the single-layer model of a sample with finite thickness has to account for the two
materials at the sample’s interfaces, the model employs the image of a finite layer
with the thickness d and refractive index ns "sandwiched" between the two infinite
media with the refractive indices n; and ns as indicated in Figure 7.11. As the
outer media is assumed to be (dry) air, this simplifies to n; = n3 = 1. The incident
radiation is considered a collimated beam and is regarded as a linearly polarised
plane wave with an angle of incident ©; and equal to the angle of reflection ©; = ©,..

The angle of the transmitted wave into mediums 2 and 3 is denoted as ©;, and Oy 1
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respectively. The angles for the transmission are subject to Snell’s law:
ny sin ©; = ng sin Oy. (7.6)

The following definitions, which are also shown in Figure 7.11, of the amplitude

Ny n, N3

z=0 z=d

Figure 7.11: Schematic of the reflection and transmission processes that have to be
accounted for in a single layer measurement.

transmission and reflection coefficients of the electric fields are used:

TV is the transmission coefficient at z = 0;

T(; is the transmission coefficient of a return wave, coming from medium 2 into
medium 1 at z = 0;

Ry is the reflection coefficient at z = 0;

Ry is the reflection coefficient of a wave coming from medium 2 and reflected at
medium 1, z = 0; Ty is the transmission coefficient at z = d;

T¢/1 is the transmission coefficient at z = d, for a wave traveling from medium 3
towards medium 2;

R is the reflection coefficient of a wave traveling in medium 2 and reflected from
medium 3, at z = d;

R, is the reflection coefficient of a wave traveling in medium 3 and reflected off
medium 2, at z = d;

and the subscripts s and p denote the s and p polarisation respectively in the
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following equations. The Fresnel equations for the amplitude coefficients at z = 0

can be expressed as:

n1 cos ©; — ng cos O

n1 cos ©; + ng cos O,

ROS’ = _ROS

2n1 cos ©;

n1 cos ©; + ng cos O

2n9 cos Oy

n1 cos ©; + ng cos O

Ny cos ©; — ny cos O

ng cos ©; + ny cos O

Roy = —Rop

2n7 cos ©;

ng cos ©; + nq cos O,

2n9 cos O

n1 cos O + ngy cos O,

(7.10)

(7.11)

(7.12)

(7.13)

(7.14)

These equations only account for the reflection on a single interface. Therefore,

they have to be modified for the reflections on the second interface. Therefore, a

modification which accommodates the change of phase at the point z = d has to

be introduced. To simplify this, we first regard normal incidence, which is later on

modified for the incident angle. Due to the continuity required at the boundary

between two media, we know that

and

Ey(d) = E3(d)

Hy(d) = Hs(d).

(7.15)

(7.16)
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From Maxwell’s equations we know

k% pH
E = % (7.17)

where k is the vector of the propagating wave and p is the permeability, which
can be assumed to be 1 for non-magnetic materials. Furthermore, the electric
field at the position z will be the sum of the forward and backward, i.e. reflected,
propagating waves. Ignoring multiple reflections we know that the electric field at
z = d are

E, = E;je?P2* 4 E,eP2* (7.18)

E3 = Bl (7.19)

With By and (83 being the propagation constants in medium 2 and 3 respectively.

From Equation (7.17) we can obtain the magnetic fields
Hy = noE;e%2% 4+ nyE,.e3727 (7.20)

and

H3 = ngEtejﬁ?’Z. (7.21)

With the boundary conditions from Equation (7.15) and Equation (7.16) we obtain:

E;eiP2? | FeiP2d = Feifsd (7.22)

and

ngEiej52d — ngETej52d = ngEtejﬁ"d. (7.23)

After rearrangement the expression for the amplitude transmission and reflection
coefficients at z = d, defined by T' = E;/FE; and R = E,/E;, are

2nged(B2—F3)d

T (7.24)

no + ng

and

(ng —ngz)e=282d

ng + N3

R= (7.25)
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If now the change in path length due to the incident angle ©; is accounted for

represented by modifying the propagation wave with

efj,ﬁ'l(gcsin(9Z‘JrzcosG)q;7 (726)

where the term containing x can be ignored as it is the part of the wave which

propagates along the interface [210]. Then the Fresnel equations can be expressed

as
Nn2c0sO; —n3co08sOi 95 10050,
R, — e~ 21B2dcos©; 7.27
ds Ny cos O + n3 cos Oy ( )
T, — 2n9c050; e—j(ﬁg cos ©;—f3 cos@t)d’ (728)
ng cos B¢ + ng cos Oy
n3cosOt —na cos O o8 00050,
Ry, = eI 0SB 7.29
dp ng cos Oy + nq cos O ( )
and
T = 2n200‘9@t e*j(ﬁz cos ©;—f3 cos @z)d‘ (730)

n3 cos O + no cos Oy
But these equations only take the very first reflection on the second interface into
account. If now the equations are solved in the same way at the boundary z =
0 accounting for the reflected wave, it can be seen that the phase changes by

e~ 20P2dc0sOi fo1 every round trip. The total transmission is therefore

T =TTy + TORdR;dee*]ﬂzdcos e, + TORgRgTdeflljﬁgdcos @i+

/ . TT (7.31)
3p'3 —8jP2d cos ©; _ otd
TosRyRy Tyhe 2 + .= T RdRE)e*QJfg?dCOS o

And the total reflection in the same way:

R = RO + TORdTO,RdRée—QjﬂQdCOS 0; + TORdT[;RCQlR;2e—4jBQdCOS 9i_|_

T,R4T},
1— Rdee—QjBQdcos 0,

(7.32)

ToRJTyRIRSe~8P2dcos®i L — Ry 4

The n-layer model

¢

Now adding another layer to the previous “sandwich” to see how an increased

number of layers changes the transmission and reflection coefficients. The newly
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added layer has a thickness dp, and a refractive index of nq has the thickness d; as
shown in Figure 7.12. As the expressions for the coefficients for total reflection and
transmission at the boundary of the media 1 and 2 have already been developed,
given by Equation (7.32) and Equation (7.31), they can simply be used to describe
the process that occur at z = dy and only have to modify them to account for the
new layer.

The new boundary conditions are then as follows:

ng N3

z=0 z=d, z=dy+d

Figure 7.12: Schematic of the reflections in a 4 layer system. As the reflection and
transmission on the right part of the system has been described in the previous
section, these coeflicients can be reused and are only modified to account for the
new layer.

to is the transmission coefficient at the new z = 0;

té is the transmission coefficient of a return wave, coming from medium 1 into
medium 0 at z = 0;

ro is the reflection coefficient at z = 0;

7y is the reflection coefficient of a wave coming from medium 1 and reflected at
medium 0, z = 0;

T4, is the transmission coefficient at z = d; through the effective medium.

R, is the reflection coefficient of a wave travelling in medium 1 and reflected from

the effective medium, at z = dj.

Tyy = Ted (B1 cos ©;—p3 cos O)ds (7.33)
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and

Ry = RelPreosOidy, (7.34)

The coefficients tq, tz), ro and réare given by the Fresnel equations Equation (7.7)-
Equation (7.14). The total transmission and reflection of the system is again ex-
pressed by Equation (7.32) and Equation (7.31), substituting with the new coeffi-

cients gives

_ told1
In = 1— TéRd,le_zj’Bldl cos O; (735)
and
totn R
fin =70 = (7.36)

1 _ TORd 1672jﬁ1d1 Ccos @1 :
We can therefore find an analytical expression recursively for any number of layers

N in a system in a similar manner.
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