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Abstract

Waveguides—components which convey electromagnetic waves between points—are essen-
tial building blocks within miniaturized systems for all ranges of frequency and applications,
including those in the Terahertz (THz) frequency gap. Although metallic THz waveguides
have been available since a few decades ago and have been used extensively for THz ap-
plications, dielectric waveguides appear to be a more promising choice for THz systems
that need to be low cost and compact. Silicon-on-Glass (SOG) technology, a relatively
recent concept, has demonstrated remarkable performance for frequencies up to 1 THz.
In this thesis, two new THz dielectric waveguide structures are proposed and investigated
theoretically and experimentally: 1) a THz line-defect photonic crystal waveguide based
on SOG technology, and 2) a structure which uses benzocyclobutene (BCB) to create
a Silicon-BCB-Quartz (SBQ) platform. Such THz dielectric waveguide structures could
form the fundamental building blocks for numerous different THz systems. In this thesis
research, the application of these waveguide structures for waveguide-based THz absorption
spectroscopy is studied and investigated experimentally.

The proposed THz line—defect photonic crystal waveguide advances the state of the
SOG technology. Pyrex is the waveguide substrate within this technology. Due to its high
material loss when operating in the THz frequency range, pyrex is etched underneath the
guiding channel to minimize waveguide loss. However, handling the guiding channel over
the etched pyrex is quite challenging. The first advantage of the proposed THz line—defect
photonic crystal waveguide is that the photonic crystal structure provides a mechanically
stable platform for handling the guiding channel over the etched pyrex. Secondly, the
photonic crystal structure provides a suspended platform to integrate other components,
such as resonators or couplers, with the waveguide over the etched pyrex substrate. More-
over, the slow wave characteristics of this waveguide could be advantageous for sensing
applications at THz frequencies.

The SBQ structure is proposed as an easy-to-fabricate and efficient platform for THz
compact systems. Due to the low loss characteristics of quartz at THz frequencies, etching
the substrate is not required for the SBQ platform. Therefore, the quartz substrate provides
a solid substrate not only for the silicon guiding channel, but also potentially for other
components besides the waveguide. The fabrication and experimental characterization of
the proposed waveguide are presented. Based on measurement results, this waveguide
structure achieved an average attenuation constant as low as 0.026 Ii—i over 500 to 580
GHz, among the lowest reported value for THz waveguides in the literature so far.

Two THz slot waveguides with highly confined fields are proposed: SBQ THz slot
waveguide and THz plasmonic slot waveguide based on doped-GaAs. In sensing appli-
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cations, these waveguide structures could enhance the interaction between the waveguide
mode and the sample. The proposed SBQ THz slot waveguide is designed, fabricated, and
investigated experimentally. The THz plasmonic waveguide is designed and characterized
theoretically.

Despite the fact that free space setups are widely used for spectroscopy of different
materials at THz frequencies, waveguide-based spectroscopy could provide a miniaturized
setup for material characterization and sensing at this frequency band. To date, various
metallic waveguides have been used for this purpose at the THz range. However, this
thesis proposes the use of THz dielectric waveguides for absorption spectroscopy applica-
tions. The compatibility of the dielectric waveguide structures with available solid-state
THz sources, in addition to the advanced fabrication facilities available for silicon based
devices, open a pathway toward highly-miniaturized and low-cost THz spectroscopy sys-
tems. The performance of the proposed SBQ platform for waveguide-based THz absorption
spectroscopy is studied experimentally using an exemplar test sample (lactose powder).
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Chapter 1

Introduction

The terahertz (THz) gap is a part of the electromagnetic spectrum existing between the
microwave and infrared ranges of frequency. Although there are no unique frequency
limits for the THz gap, it commonly refers to the 300 GHz to 3 THz range of frequencies,
as shown in Fig. 1.1. The number of applications that utilize this range of frequencies is
growing rapidly, and includes information and communications technology (ICT), biology
and medical sciences, non-destructive evaluation, homeland security, quality control of food
and agricultural products, global environmental monitoring, and ultrafast computing [1].

Although there has been ongoing research in the field for decades, THz technolgy has
garnered special attention since 1990; the reason may be due to the fact that a reliable
source of picosecond THz pulses was demonstrated in the late 1980s [2]. The THz gap is an
undeveloped frequency range compared to other ranges of the electromagnetic spectrum.
This is mainly due to technology challenges in this frequency range associated with high-
power sources, low-loss passive components, and additional components required for THz
systems. Many research groups have sought to overcome these difficulties in the past few
decades, and have presented new applications for this frequency range.

Further details about THz technology are discussed below. In Section 1.1, an overview
of the applications of this technology is presented. Since the focus of this thesis is THz
waveguides, an overview of available waveguide technologies for this range of frequencies
is presented in Section 1.2. A high power source of THz waves is a predominant challenge
when working with this frequency range. An overview of THz sources is presented in
Section 1.3. The motivation and objectives of this thesis are presented in Section 1.4.
Finally, the structure of the remaining chapters of this thesis is described in Section 1.5.
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Figure 1.1: THz gap in the electromagnetic spectrum.

1.1 THz Technology Applications

The frequency of vibrational resonances of biological molecules usually falls within the THz
gap [!]. The vibrational modes contain the intermolecular dynamics of stretch, bend and
torsion between atoms. These resonances create specific “fingerprints” for the molecule.
Exploring these resonances using THz waves provides information about the molecule’s
structure and is used for sensing applications. Common energetic explosives have unique
spectral signatures in the THz gap [3—3]. These materials exhibit strong radiation absorp-
tion at some frequency bands within the THz gap; this makes it possible to differentiate
them from typical covering materials such as clothing and plastic, which are almost trans-
parent at THz frequencies. Molecules in their gas phase exhibit narrow absorption peaks
due to rotational motions [9-13]. Each molecule shows these absorption peaks at unique
frequencies. The rotational spectra is used to investigate molecular structures in different
applications. This method is applied for environmental monitoring, atmospheric remote
sensing, and analysis of the interstellar medium

The above mentioned molecules are just few examples from the many materials with
significant signatures in the THz frequency range. Given these unique signatures, the THz
gap is a rich range of frequencies that can be tapped for pharmaceutical, security, and drug
test applications [1].

Many common packaging materials (i.e. paper, plastic, clothing) are opaque in the
optical frequency range. However, THz radiation penetrates these materials. Therefore,
THz imaging could be used for non-destructive inspection of a sealed package for security
purposes [1].

In the THz gap, photon energy is low and non-ionizing; therefore, it would not be
harmful to the human body. THz radiation is very sensitive to the water level, a critical
measure of normalcy in biological systems [I]. In the field of THz imaging for medical
applications, there have been significant advances in using such methods for the accurate
detection of dental caries [11-16] and skin cancer [17-21].

There is an ever growing number of applications for the THz range of frequencies, and



the above mentioned applications are few exmaples. More details about the applications
of the THz technology can be found in [1,22].

1.2 THz Waveguide Technologies: An Overview

Emerging applications that take advantage of the THz frequency range have motivated
many research groups to work on developing components required for THz systems. THz
waveguides are among the main building blocks for many THz systems. The approaches
taken to the development of waveguide structures proposed for use at the THz frequency
range can be classified into two main groups:

1. Extension of metallic waveguide technologies developed for lower frequency ranges
(microwave and millimeter wave; < 300 GHz) to higher frequencies (e.g. THz range;
> 300 GHz). The challenges with such waveguide technology extensions are: a)
Higher fabrication precision requirement, as the wavelength is orders of magnitude
shorter in THz range compared to microwave and millimeter wave ranges, and b)
Increase in waveguide loss at higher frequencies, as these technologies are based on
metallic parts and the loss of metals increases at the THz frequencies.

2. Tailoring dielectric waveguide technologies developed for the higher frequency ranges
(i.e. optical frequencies) for use at THz frequencies. Planar THz waveguides based
on high-resistivity silicon (HR-Si) fall into this category. Although the operational
principles of these THz waveguides are the same as those for optical waveguides,
the waveguide stack-ups and fabrication processes are the unique challenges of these
waveguide structures, especially at frequencies above 500 GHz.

1.2.1 THz Metallic Waveguides

Rectangular metallic waveguides are some of the most popular waveguides used for the
microwave frequency range. In [23], metallic rectangular waveguides for frequencies up to
4 THz were studied. These waveguides suffer from high losses, around 1 % when used
below 1 THz.

Using of Deep Reactive Ion Etching (DRIE) on bulk silicon wafers and then metal-
lization of surfaces using sputtering, constitute a fabrication method for THz metallic



waveguides which has been extensively studied in the literature [24-30]. This method of-
fers high precision and high aspect ratio features in fabrication. In [24], this method was
used to fabricate a THz waveguide for the 300 to 500 GHz frequency range which achieved
average measured waveguide loss of 0.086 2. In the method presented in [21], which
utilized DRIE on silicon, titanium was used as an adhesion layer followed by copper and
gold as metallization, as shown in Fig. 1.2. The total metal thickness deposited was 7 pm.
In [20], a silicon micro-machined waveguide operating at 500 to 750 GHz was presented,
Fig. 1.3(a). The average measured loss for their waveguide was 0.15 % at 600 GHz. A
silicon micro-machined waveguide compoenent for 500 to 750 GHz was presented in [28].
They also presented a 3 dB hybrid coupler operating from 500 to 600 GHz, Fig. 1.3(b).

Coplanar transmission lines and microstrip transmission lines are among the planar
microwave waveguides that also have been studied at THz frequencies [31,32]. Parallel
plate waveguides are metallic waveguides with very low group velocity dispersion, which
have also been proposed for use at the THz frequency range [33,34]. A single metal wire is
a simple type of metallic waveguide presented for use at the THz frequency range [35,30].
This simple waveguide, shown with its characterization setup in Fig. 1.4, has very small
dispersion and is low loss.

1.2.2 THz Dielectric Waveguides

Dielectric waveguides are commonly used at the optical range of frequencies. Although
this type of waveguide was characterized theoretically for the THz frequency range several
decades ago [37,38], experimental studies were only reported more recently [39-12]. Due
to its unique characteristics in the THz frequency range, high-resistivity silicon (HR-Si) is
used for the guiding medium in these waveguides.

HR-Si is the most transparent and least dispersive dielectric in the THz frequency
range [1]. The absorption coefficient of a high purity HR-Si crystal is less than 0.1 % below
3 THz), and variation of its refractive index is less than 10~ in the same frequency range [1].
The effects of free carriers and lattice vibrations on other dielectrics and semiconductors
are far greater than those of silicon. Moreover, silicon’s mechanical and electrical properties
are known in great detail. High purity silicon, produced using the flat zone crystal growth
method, has a remarkably low carrier concentration, (less than 4x10™ —L; for n type) and
high resistivity (larger than 10 kQ — cm) [1]. Fig. 1.5(a) shows the refractive index and
the absorption coefficient of HR-Si over 0.5 to 4.5 THz [1]. The absorption of crystalline
sapphire, crystalline quartz, fused silica, germanium, and gallium arsenide (GaAs) is higher
than that of silicon, as shown in Fig. 1.5(b).



Figure 1.2: Photograph of metal holder block used to hold the silicon waveguide piece for
measurement. Object at left is the full block assembled, and object at right is one half of
the block, [24]
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Figure 1.3: (a) (left) Schematic drawing of silicon micromachined waveguide, and (right)
photograph of completed chip, [26]. (b) (left) Bottom half of silicon micro-machined 3 dB
waveguide hybrid coupler, (right) exploded view of the complete test package. [28].
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Figure 1.4: Diagram of optical setup for characterizing the propagating electromagnetic
mode on a metal wire waveguide (stainless steel wire with diameter of 0.9 mm) [35].
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Absorption coefficient of several materials at 0.2 to 2 THz frequency range [1].
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Figure 1.6: SOG waveguide structure [39,13].

Although a suspended HR-Si waveguide has been experimentally investigated for 220
GHz [11], at THz frequencies, a substrate is mandatory to handle the thin HR-Si film.
Silicon-on-glass (SOG) technology, proposed in [39,43,15], uses pyrex as the substrate for
the HR-Si layer, Fig. 1.6. Anodic bonding, which is a fast bonding process, provides a
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Figure 1.7: Output power of the THz sources as a function of frequency. Solid lines are con-
ventional THz sources. For majority of the sources, the shown power is CW power at room
temperature. Power for QCL and IIIV lasers are peak power. THz-QCL power is at cryo-
genic temperatures. IMPATT diode stands for impact ionization avalanche transit-time
diode, MMIC stands for microwave monolithic integrated circuit, and TUNNET stands for
tunnel injection transit time [19].

strong connection between the silicon and pyrex [16,47]. Loss of the pyrex increases with
frequency; especially for frequencies above 200 GHz [39,18]. To reduce the loss of the SOG
THz waveguide, etching of the pyrex underneath the guiding channel is proposed in [39].
As shown in Fig. 1.6, a periodic structure is used to support the guding channel over the
etched pyrex. The average of loss of such a THz SOG dielectric waveguide over the 440 to
550 GHz frequency range is 0.054 45 [30].

1.3 THz Sources: An Overview

Different methods have been proposed and developed for THz generation in the past few
decades. These methods can be categorized into three main groups: (1) optical THz
generation, (2) THz quantum cascade laser (THZ-QCL), and (3) solid state sources. Fig.
1.7 summarizes the emission power versus frequency for several types of sources [22].

Optical generation of THz radiation is accomplished by generating a photocurrent in
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a photoconductive semiconductor, or, through nonlinear optical effects such as difference-
frequency generation (DFG). The main nonlinear media used for this application are GaAs
and zinc telluride (ZnTe) [22].

In QCL sources, the THz radiation is generated by means of forced electron relaxation
between subbands of quantum well due to population inversion. The first QCL source was
developed in 1994, generating a frequency of 70 THz [50]. The frequency of a QCL source
was reduced to 4.4 THz in 2002 [51] and a QLC with an emission frequency in the THz
gap (1.39 and 2.3 THz) was presented in 2006 [52]. The research into this type of THz
source is ongoing, with efforts geared towards reducing the lasing frequency and increasing
the operational temperature [22].

THz solid state sources use a chain of multipliers to up-convert the generated signal to
the THz range. Sources capable of generating frequencies as high as 1500 GHz are available
[53]. To achieve this, four cascaded Schottky-barrier varactor doublers are used. The
multiplier chain is driven by monolithic-microwave integrated-circuit-based high electron
mobility transistor power amplifiers around 95 GHz [53].

1.4 Motivation and Objectives

Although there have been significant advancements made toward realizing the discrete
components necessary for THz systems, a technology platform is required onto which all
components of a miniaturized THz system could be integrated. THz dielectric waveguides
using HR-Si provides highly promising low-loss transmission structures that have been
investigated mainly over the lower frequencies of the THz gap. For frequencies above 500
GHz, a dielectric waveguide structure with a proper substrate is a challenge.

SOG technology proposes using pyrex as the substrate. Etching the pyrex substrate
underneath the guiding HR-Si channel is required to avoid high material loss at THz fre-
quencies. Although a periodic structure has been proposed to handle the guiding channel
over the etched region of the pyrex, a stable handling structure which allows for the in-
tegration of other components besides the guiding channel remains a challenge for SOG
technology.

A waveguide structure in which etching the substrate is not required would have mul-
tiple advantages over the SOG technology. Firstly, the challenge of handling the guiding
channel over the substrate would be removed. Secondly, the fabrication process would be
easier. Finally, the waveguide substrate will provide a platform for any other potential
components to be integrated with the waveguide.



Field confinement for enhanced interaction between a waveguide mode and a material
in the proximity of the waveguide is demanded over these frequency ranges. The concept of
slot dielectric waveguide has been investigated extensively in the optical frequency range,
but not at the THz range of frequencies. Growing sensing and spectroscopy applications of
the THz technology require realization of the same waveguide concept for THz frequencies.

THz absorption spectroscopy is one of the unique applications of THz technology. Al-
though free space setup has been used extensively for this purpose, it is a bulky approach
which requires a high amount of the material sample in order to achieve measurable in-
teraction between the material and THz signal. Waveguide-based absorption spectroscopy
is a promising alternative method, which not only reduces the required amount of sam-
ple drastically compared to the free space method, but also opens the pathway towards a
miniaturized and integrated spectroscopy device.

Objectives of this Thesis

e Develop a new THz waveguide structure based on SOG technology which can provide
a mechanically stable platform for integrating passive components with the waveguide
over the etched substrate.

e Develop an efficient and easy-to-fabricate dielectric platform for the miniaturized
integrated THz systems, with no requirement for etching the substrate.

e Investigate THz field localization using the concept of slot waveguide, including ex-
perimental characterization.

e Experimental investigation of THz on-chip absorption spectroscopy based on the
developed dielectric platform.

1.5 Structure of the Thesis

In Chapter 2, a THz line-defect waveguide based on SOG technology is proposed, and
simulation results for the 500 to 700 GHz frequency range are presented. The steps taken
to fabricate the waveguide are presented. The measurement results of two fabricated
THz line-defect waveguides with different lengths are discussed. Waveguide characteristics
are extracted from the measurement results. The fabricated waveguide performance is
compared with other THz waveguides reported in the literature.



In Chapter 3, a Silicon-BCB-Quartz (SBQ) structure, as an efficient and easy-to-
fabricate platform for THz systems, is proposed. A channel waveguide based on this
platform is designed for the 500 to 580 GHz frequency range, and simulation results are
presented. Fabrication steps are discussed. Several bonding recipes, which were performed
experimentally, are presented and compared. Two waveguides with different lengths are
fabricated and measured. Waveguide characteristics are extracted from the measurement
results.

In Chapter 4, two THz slot waveguides are proposed and investigated. In Section 4.1,
an SBQ THz slot waveguide is presented, designed, and investigated experimentally. In
Section 4.2, a THz slot plasmonic waveguide is proposed and investigated theoretically.

In Chapter 5, the application of the proposed SBQ THz dielectric waveguide for THz
absorption spectroscopy is proposed and investigated experimentally. First, in Section 5.1,
an overview of the available THz spectroscopy methods is presented. Then, in Section 5.2,
results of free space absorption spectroscopy of test sample (lactose powder mixed with
polyethylene powder) are presented. A new method for extracting the absorption of the
material under test is proposed, and verified via full-wave simulations. Next, in Section 5.3,
the results of the design and fabrication of the several waveguides based on the SBQ plat-
form are presented and the results of the waveguide-based absorption spectroscopy using
these waveguides are discussed (the fabricated waveguides are: SBQ channel waveguide,
SBQ narrowed channel waveguide, and SBQ spiral long waveguide). Conclusions of this
chapter is presented in Section 5.4.

In Chapter 6, a summary of the contributions of this thesis, the conclusions, and the
recommendations for future work are presented.
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Chapter 2

Terahertz Line—Defect Waveguide
Based on Silicon-on-Glass Technology

In this chapter a new THz waveguide based on photonic crystal line-defect concept, im-
plemented in Silicon-on-Glass (SOG) technology, is proposed. The basic configuration is
shown in Fig. 2.1. The periodic structure around the guiding channel provides field con-
finement in the guiding channel over the bandgap frequencies, in xy plane [54,55]. Total
internal reflection at the HR-Si and air interface makes the field confined in the vertical
direction, 2. The waveguide has pyrex as the substrate, which makes it a practical waveg-
uide platform and scalable to higher frequencies. The pyrex substrate is etched underneath
the guiding channel to reduce the waveguide loss due to the pyrex material loss.

In the proposed waveguide structure, the suspended photonic crystal structure provides
a platform for integrating other components, such as resonators or couplers, with the
waveguide. In contrast, in the available SOG waveguide (shown in Fig. 1.6) integration of
other components with the waveguide is quite challenging because of the specific handling
structure. Moreover, in the proposed structure in this chapter, only one-third of the area of
the photonic crystal in zy plane is air; therefore, it offers a mechanically stable structure.

The proposed structure is designed for 500 to 700 GHz frequency range, as presented
in Section 2.1. The fabrication procedure is presented in Section 2.2. Measurement setup
and measurement results are presented and discussed in Section 2.3. Conclusions of this
chapter is presented in Section 2.4.

It should be mentioned that some of the results presented in this chapter have been
published in [12].
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Figure 2.1: Proposed THz line—defect waveguide based on SOG technology. Pyrex under-
neath the guiding channel is etched to reduce the waveguide loss.

2.1 Design and Simulation

Design of line-defect waveguide starts with designing the photonic crystal structure with
bandgap at the desired frequency range. Fig. 2.2(a) shows the photonic crystal structure,
which is an array of holes in a silicon slab. Suppose Z is the direction normal to the
slab, the modes of this structure can be classified to T'E, (in which E,, E, and H, are
the dominant field components) and 7'M, (in which H,, H,, and E, are the dominant
field components) [54]. This type of photonic crystal structure provides bandgap for TE,
modes [51]. The TE, mode of the line-defect waveguide has E,, E, and H, as the dominant
field components. By proper excitation, T'FE, mode of the line-defect waveguide can be
excited, which will not couple to the T'M, modes of the photonic crystal structure due
to field mismatch. Therefore, a T'E, bandgap is sufficient to confine this mode of the
waveguide inside the guiding channel.

2.1.1 Bandgap Structure Design

It has been shown in [54] that a photonic crystal slab with dimensional ratios of h = d =
0.6a (a is the lattice constant) provides T'E, bandgap for the normalized frequency range of
2 = 0.25 to 0.33. Also, it has been shown in [56-55] that the radiation losses of the leaky
modes of a line—defect photonic crystal waveguide reduces by increasing the thickness of
the slab (h) and reducing the diameter of the holes (d). Based on these considerations, the
dimensions chosen for the THz photonic crystal slab were a = 150 pym, h = 100 pym, and

d= 90 pum, to have T'E, bandgap over the desired frequency range. In the proposed line—
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Figure 2.2: (a) THz photonic crystal slab, which is an array of holes with triangular lattice
in a thin silicon film. The box shows the unit cell of the structure. (b) Unit cell of the
defected structure.
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Figure 2.3: (a) Band diagram of the THz photonic crystal structure shown in Fig. 2.2(a).
(b) Dispersion diagrams of the T'E, modes of the line-defect structure shown in Fig. 2.2(b).

defect waveguide structure, pyrex is etched underneath the HR-Si several unit cells away
from the guiding channel; therefore, pyrex will not contribute to the characteristics of the
photonic crystal structure. For simulation simplicity, pyrex substrate was not included in
the bandgap calculations. A simulation was performed using the Finite Element numerical
method (FEM) in ANSYS High Frequency Structure Simulator (HFSS) to analyze the
structure. The smallest unit cell of the photonic crystal structure shown in Fig. 2.2(a) is
a parallelogram with dimension of a@ by a. For the sake of simulation simplicity, a unit cell
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with dimension of @ by av/3, which has rectangular corners, was considered, as shown by
a box in Fig. 2.2(a).

Figure 2.3(a) shows the simulation results for the 7'M, and T'E, modes of the photonic
crystal structure. As shown, there is a bandgap for TE, modes from 460 GHz up to 650
GHz, which includes the desired frequency range. Fig. 2.3(b) shows the guided T'E, modes
of the defected structure. Fig. 2.4 shows the vector plots of the electric and magnetic fields
of the TE, modes. In these plots two unit cells along the z-direction are included to provide
a better visualization.

It should be added that the presented results were verified through simulations per-
formed using Finite Difference Time Domain numerical method (FDTD) in Lumerical
simulator.

Figure 2.4: Field distributions of the three T'E, modes of the line-defect photonic crystal;
first mode (a) and (b), second mode (c¢) and (d), and third mode (e) and (f).
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2.1.2 THz Line—Defect Waveguide Based on the SOG Platform

Line—defect waveguide, as shown in Fig. 2.1, is a slab photonic crystal structure in which
one row of holes is removed in z-direction (waveguide width w = av/3). HR-Si is modeled

as a dielectric with permittivity of 11.69 [1]. Conductivity of HR-Si depends on many
factors, including its resistivity value. Table 2.1 summarizes the measured conductivity of
HR-Si for few resistivity values presented in [59-01]. In the fabrication step of this work,

HR-Si with resistivity of 5 k{2 — cm is used. Since we were not able to find experimental
data for HR-Si conductivity for this resistivity value over the range of frequency of interest,
in simulations two different values for the conductivity of HR-Si are considered, o, = 0.01
% and g9 = 0.42 %, which are the lowest and highest values presented in the Table 2.1.

The waveguide has pyrex as the substrate. Fig. 2.5 shows the conductivity of pyrex
versus frequency (extracted from measurement results presented in [18]). To decrease the
waveguide loss, pyrex is etched underneath the guiding channel, with depth of A = 100 ym
and width of w = 1.5 mm.

Table 2.1: Conductivities of HR-Si

Silicon Resistivity Frequency Range Conductivity
10 kQ — cm [5Y9] up to 1 THz 0.01 (2)
8 k2 — cm [60] up to 400 GHz 0.12 (2)
HR-Si [61] 500 to 750 GHz ~ 0.13 to 0.42 (£)

(Resistivity value is not provided.)
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Figure 2.5: Pyrex conductivity at the THz frequencies (extracted from [18]).
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To characterize the line—defect waveguide, a back-to-back structure, shown in Fig. 2.6,
is considered. As was shown in Fig. 2.4, the dominant mode of the line-defect waveguide
matches with the dominant mode of a channel dielectric waveguide; therefore, tapered
channel waveguides were used as the transitions between the rectangular metallic waveg-
uides (W R;5) and the line-defect waveguide (length of each taper was L; = 0.75 mm).
To match the first mode of the W Ry 5 waveguides (T'Eyy) to the first mode of the chan-
nel waveguides, the longer side of the W R 5 cross section should be along z-direction, as
shown in Fig. 2.6 (cross section dimensions of W Ry 5 are ay g = 0.381 mm by by g = 0.191
mm, and its T'F1y mode cutoff is at 393 GHz).

In order to extract the line—defect waveguide characteristics, the back-to-back structure
is simulated for two different lengths of the line-defect waveguide, L{ = 3 mm and Lj =
3.75 mm. Fig. 2.7(a) shows the scattering parameters of the back-to-back structure,
for both lengths of Lj and Lj, for conductivity of oy assumed for HR-Si. The average
transmission over 540 to 630 GHz frequency range is -1.9 dB for L7 and is -2.2 dB for Lj.
Fig. 2.7(b) shows the magnitude of electric field through the back-to-back structure, at
three frequencies, before, inside and after the passband.

Attenuation constant of the line-defect waveguide can be extracted from the scatter-
ing parameters of the back-to-back structure with two different lengths of the line-defect
waveguide. For this purpose, the method used in [62] is considered. This method will
be presented in Section 2.3.1. Fig. 2.8 shows the attenuation constant of the line-defect
waveguide versus frequency, for both HR-Si conductivities, o1 and o3. For o1, the attenu-
ation constant varies between 0.10 Ifl—]i and 0.3 % over 540 to 630 GHz frequency range
with average of 0.16 i—i. For oy, the attenuation constant varies between 0.33 % and 0.52
dB over the same frequency range with average of 0.39 %.

mm

Although increasing the dimensions of the pyrex etched region will decrease the waveg-
uide loss, it increases the waveguide fragility; therefore, pyrex should be etched as much
as it has significant effect on the waveguide loss reduction. The dimensions of the pyrex
etch, h, and w,, are swept to study their effects on the waveguide attenuation constant.
Fig. 2.9 shows the results. As shown, without etching pyrex the waveguide loss will be
more than 2 d—lfn at some frequencies. The attenuation constant decreases with increasing
the etching dimensions, but it does not change significantly when increasing etching depth

from 100 pgm to 150 ym and etching width from 1.5 mm to 2 mm.
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Figure 2.6: (a) THz line—defect waveguide excited by W R; 5 waveguide, in a back-to-back
structure, (b) Tapered channel waveguide as a transition from rectangular waveguide to
the THz line—defect waveguide.
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Figure 2.7: (a) Simulation results for Sy; and Sy; of the back-to-back structure for two
different waveguide lengths. Inset shows the zoom in of Sy;over 540 to 630 GHz frequency
range. (b) Transmission through the back-to-back structure shown in Fig. 2.6, at three

frequencies: before (500 GHz), inside (550 GHz), and after (680 GHz) the transmission
band of the THz line—defect waveguide.
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Figure 2.8: Attenuation constant of the proposed THz line-defect waveguide. Inset shows
the zoom in over 540 to 630 GHz frequency range.

2r— - ‘ ‘ 2 :
”hp=0 ”hp=50}1m . ”szO anzlmm
ch, =25 um° h, = 100 pnme w, =0.5mm -w, =15mm
L "'p p 1.5+ p D i
"8\1'5 a ~h, =150 pm f‘a\ -w, =2 mm )
g ; E .
% i o a e : % o
05 T ., . Sos T
B © L} E B g oo E d 5 : o .
0 ; % o B ° s B o =& !-?l 0 . 8 g 8 rT\ s 8 8 °
520 560 600 640 520 560 600 640
f (GHz) f (GHz)

(a) (b)

Figure 2.9: Attenuation constant of the proposed THz line-defect waveguide for different
dimensions of the etched pyrex region; depth (a), and width (b). These simulations were
performed with o; = 0.01 % assumed for HR-Si.
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2.2 Fabrication

The fabrication procedure for the line-defect waveguide can be divided into three main
steps: etching the pyrex, bonding the silicon to the pyrex, and etching the silicon.

2.2.1 Pyrex Wet Etching

The etching of the pyrex was performed using a wet-etching process in hydrofluoric acid
(HF;49%) over a chromium/gold hard mask. The steps are shown schematically in Fig.
2.10.

The process started with cleaning the pyrex pieces. A solution of NH,OH, H50,, and
H,0 at 75 °C was used for the cleaning. Fig. 2.10(b) shows the chromium/gold (Cr/Au
: 50/500 nm) deposited on the pyrex. Since the Au layer acts as the mask for the HF
wet etching, any cracks in this metal should be avoided. In order to achieve a better hard
mask, the Au deposition was divided into three steps (500 nm: 200 nm, 150 nm, 150 nm),
with a 10 min cooling down period between steps.

A thick photoresist (AZ P4620; 11 pm) was spin coated on the deposited metal layers
[Fig. 2.10(c)] and an optical lithography process was then used to pattern the photoresist
[Fig. 2.10(d)]. Next, the Cr/Au was patterned using standard etchant for these metals (wet
etching process), Fig. 2.10(e). The backside of the pyrex pieces needed to be protected
from etching in HF, therefore Cr/Au 30/250 nm was also deposited on the back side of the
pyrex, Fig. 2.10(f) (the waveguides would be diced at the end of the fabrication process,
so protecting the side walls of pyrex is not mandatory). The etch rate of pyrex in HF acid
is around 6 to 8 £= (measured ~ 6.6 £2). The pyrex pieces were left in the HF acid for
15 min, resulting in a 100 pm etched depth, Fig. 2.10(g). After etching the pyrex, the
Cr/Au layers were removed with standard Au and Cr etchants, Fig. 2.10(h).

Figure 2.11(a) and (b) show images of the etched pyrex, before removing the Cr/Au
and photoresist. It can be seen in Fig. 2.11(b) that the Cr/Au mask of the back side has
been scratched by HF in some areas; this is due to the thin Au mask used for the backside
(250 nm). Although these scratches could have been avoided by using a higher thickness
of Au, they do not affect the device’s performance.

2.2.2 Anodic Bonding

Anodic bonding is a wafer bonding process used to seal glass to silicon [16,17,63-65]. The
bonding occurs through a high voltage (> 600 V) applied to the wafers to be bonded, at
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Figure 2.10: Pyrex etching steps: (a) pyrex piece cleaned, (b) Cr/Au mask deposited, (c)
photoresist spin coated on Au film, (d) photoresist patterned through optical lithography,
(e) Cr/Au mask patterned through wet etching, (f) Cr/Au mask deposited on backside

of piece, (g) pyrex etched in HF, (h) Cr/Au masks removed through wet etching and
photoresist removed in acetone.

Figure 2.11: (a) Etched pyrex, before removing the Cr/Au hard mask (photoresist is
removed only in top-right piece). Each piece served as the substrate for two waveguides.
(b) Backside of the etched pyrex pieces.
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a high temperature (300 °C to 500 °C). The sodium and oxygen ions in the pyrex become
mobile at such high temperatures. These mobile ions travel toward the interface of the
pyrex and silicon and form strong molecular bonds (Si — O) between the two wafers [03].

In the designed THz line—defect waveguide, the thickness of the silicon layer is only
100 pm—too thin to be handled without a handling layer. To address this, silicon-on-
insulator (SOI) pieces were used which have a low-resistivity handling silicon layer (500
pm) separated from the high-resistivity layer by a thin film (2 pm) of silicon dioxide.

Before performing the anodic bonding process, the pyrex and SOI pieces were cleaned.
This step is critical in order to achieve proper bonding. The anodic bonding was performed
in wafer bonding equipment (AML AWB-04 Aligner Wafer Bonder) under a vacuum con-
dition (pressure below 10™* mbar) at a temperature of 400 °C. Although a voltage of 600
V is sufficient for bonding silicon and pyrex, the silicon-dioxide film in SOI pieces creates
a capacitor in the multilayer structure, so a higher voltage (1 kV) needed to be used. The
bonding process took less than 30 min to finish. After bonding, the handle silicon and
silicon dioxide layers were removed.

2.2.3 Silicon Etching

Deep Reactive Ion Etching (DRIE) is a highly anisotropic etching process which can pro-
vide high aspect ratio features, with almost vertical side-walls in silicon. The Bosch pro-
cess, used for THz line-defect waveguide fabrication, contains two alternating steps: 1)
an isotropic plasma etch (plasma containing sulfur hexafluoride (SFg) ions attack silicon
almost vertically), then 2) deposition of a chemically inert passivation layer of Octafluoro-
cyclobutane (C4F8; protects the silicon from lateral etching).

The steps of the silicon etching are shown schematically in Fig. 2.12. First, the silicon,
already bonded to the pyrex substrate, was spin coated with a thick photoresist [AZ P4620;
11 pm; Fig. 2.12 (b)]. The photoresist was then baked on a hotplate (115 °C for 90 seconds).
Three hours was considered sufficient time for the rehydration of the photoresist. Then,
the optical lithography process was used to pattern the photoresist with the waveguide
structure, Fig. 2.12 (c¢). To align the waveguide pattern on the photoresist with the etched
region of the pyrex, back-sight alignment was performed. The DRIE etching process was
used to etch the silicon and map the waveguide structure onto the silicon layer, Fig. 2.12(d).
Finally, the photoresist was removed in acetone, Fig. 2.12(e).

Figure 2.13 shows the optical microscope images of the patterned photoresist and Fig.
2.14 shows the optical microscope images of the final device. This figure shows a zoomed
view of two holes of the structure. The diameters of the holes are very close to the target
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value (d = 90 pm). It should be mentioned that the accuracy of the fabrication is limited by
the optical lithography process, which has an accuracy of ~ 1 pm. This level of accuracy
is sufficient for the frequency range of interest in this research. Fig. 2.15(a) shows the
scanning electron microscope images of the fabricated device. Etched pyrex can be seen
underneath the guiding channel. Fig. 2.15(b) shows a few holes of the periodic structure.

.
O
.

Silicon

Pyrex
[ Photoresist

Figure 2.12: Silicon etching steps: (a) silicon bonded to the pyrex substrate, (b) silicon
coated with photoresist, (¢) photoresist patterned through optical lithography, (d) silicon
etched through DRIE, (e) photoresist removed.

(a) (b)

Figure 2.13: (a) Optical microscope images of the patterned photoresist; (b) zoom in of a
few holes of the pattern.
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Figure 2.14: Optical microscope images of the fabricated THz line-defect waveguide. (a)
THz line-defect waveguide and tapered channel waveguide; (b) and (c) zoom in of two
holes of the photonic crystal structure.
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Figure 2.15: Scanning electron microscope images of the fabricated THz line-defect waveg-
uide. (a) THz line—defect waveguide and tapered channel waveguide; (b) zoom in of a few
holes of the photonic crystal structure.
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2.3 Measurement

Figure 2.16 shows the components of measurement setup. A Network Analyzer (Agilent
PNA-X) connected to the frequency extender modules (from Virginia Diodes Inc) are used
as the source and detector in the setup, Fig. 2.16(a). The frequency extender modules
have rectangular waveguides, W Ry 5, at their outputs. As a stage for line-defect waveg-
uide, several metallic stages with different lengths are fabricated using machining, Fig.
2.16(b) and (c). The stages are designed and fabricated such that the taper section of
the line-defect waveguide will be in the middle of the W R, 5 after installation. Fig. 2.17
shows the installed measurement setup. The frequency extender modules are located on
micropositioners for alignment and safe insertion of tapers into W R, 5 waveguides. The
metallic stage is connected between two W Ry 5 as a holder for line-defect waveguide. Using
this measurement setup all complex components of the scattering matrix can be measured,
and it is among the most accurate methods for waveguide characterization.

Proposed THz line-defect waveguide was fabricated and measured with two different
lengths, L = 9.3 mm and L5’ = 19.8 mm. Fig. 2.18 shows the measured Sy; of both
lengths. The average of Sa; over the 540 to 630 GHz range is -5.4 dB for L}* and -9.9 dB for
LY. Simulated transmission band and the measured one can be quantitatively compared
by examining plots in Fig. 2.7(a) and Fig. 2.18. If we define the cutoff frequencies as the
frequencies wherein the transmission drops by 1 dB from its average value over 540 to 630
GHz frequency range, then simulated transmission band is 525.5 to 648 GHz and 526.5
to 647 GHz for short and long waveguides respectively, and the measured transmission
band, based on same definition, is 523 to 631 GHz and 529 to 626 GHz for short and long
waveguides respectively.

Figure 2.16: (a) Frequency extender modules. (b) and (c): Metallic stage (fabricated using
machining).
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Figure 2.17: Measurement setup; frequency extender modules with W R, 5 waveguide out-
puts are connected to the metallic stage. THz line-defect waveguide is on the metallic
stage and its tapered channel waveguides are inserted into the rectangular waveguides.
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Figure 2.18: Measurement result for the transmission through the back-to-back structure,
for two different waveguide lengths.
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2.3.1 Extracting the Waveguide Attenuation Constant

Attenuation constant of the THz line-defect waveguide was extracted from the scattering
parameters measured for two lengths of the waveguide using the method presented in
[62].  Waveguide with lengths of L; = 9.43 mm and L, = 19.9 mm, were fabricated
and their scattering parameters were measured using a Network Analyzer. Suppose the
excitation sections, including the W R 5 waveguide and tapered HR-Si channel waveguide,
have transmission matrices of Tx a and Ty on two ends. Considering the transmission
matrices of the THz line-defect waveguides with lengths of L; and Ly as Ty, and Ty,
then the measured transmission matrices are:

Ty = T, Tr,, Ty (2.1)

T, = T, T1, Ty (2.2)

Considering THz line-defect waveguides as single mode waveguides, then:

e vl

TL1 = |: 0 e'yL1:| (23)
e

TL2 = [ 0 e'yLQ:| (24)

In which, v is the complex propagation constant of the waveguides. Multiplying 75 by the
inverse of T7i:

ToT;' = Ty Ty,, T, ! (2.5)
in which:
Q*V(LQ*LI) 0
TL21 = 0 e’y(Lgle) (26)

Eigenvalues of ToT;* and Ty, are the same, from which the complex propagation constant
is derived.

Figure 2.19 shows the attenuation constants from simulations (o and 03) and measure-
ment. The measured attenuation constant varies between 0.05 % and 0.58 % over 540
to 630 GHz, with an average of 0.40 %. In the next section, a simulation study on the
expected tolerances in this parameter due to the misalignments in the measurement setup
is presented.
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Figure 2.19: Attenuation constant of the THz line-defect waveguide, measurement and
simulation results. Inset shows zoom in over 540 to 630 GHz.

2.3.2 Misalignment in the Measurement

In the presented waveguide loss extraction method, it was assumed that the transitions
from W R; 5 to the channel waveguide (Tx), and from the channel waveguide to W Ry 5 (Ty),
are the same for short and long waveguides. However, different alignments of the tapered
channel waveguides inside the W R, 5 waveguides during measurement will result in different
T and T, for short and long waveguides. For instance, if the short waveguide is perfectly
aligned but the long waveguide has some misalignments then the higher coupling loss
between W Ry 5 and the channel waveguides in the long waveguide (due to misalignments)
will result in an over-estimate in the waveguide loss. A study was performed using HFSS
simulator, to provide an estimation of the amount of error that should be expected in the
waveguide attenuation constant extracted from the measurements.

Figure 2.20(a) shows the simulated structure. The tapered channel waveguides on both
ends are exactly the same as those used for line—defect waveguides; however, the line—
defect waveguide is replaced by a free standing channel waveguide (with a length of Lo
= 5 mm, more than 8 X\g; A is the free space wavelength). This replacement reduces
the simulation time without affecting the results as long as the tapered sections are the
same as before; same Ty and Ty. First, the structure is simulated in an aligned setup
(center of tapered channel waveguides are in the middle of the W Ry 5 waveguides). The
length of the channel waveguide was Ly = 5 mm (more than 8\g; A is the free space
wavelength). For each misalignment case study, the structure is simulated again. The
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transmission matrices between the W R, 5 waveguides are extracted from simulations, for
both aligned case and each misalignment case study. Loss extraction method applied to
these transmission matrices to calculate the resulting attenuation due to misalignments.

The width of the W Ry 5 and channel waveguides along the z-direction are 191 ym and
180 pm, respectively. Therefore, the maximum possible misalignment along the x-direction
is 5.5um. Misalignment along the y-direction depends on the accuracy of the dimensions
in the metallic stage used between the two W Ry 5 waveguides. A maximum of 20 pym for
the misalignments in y and z-directions was assumed. Fig. 2.20(b) shows the simulation
results for the tolerance in the waveguide attenuation for several misalignment case studies,
over 500 to 6560 GHz. The maximum value of the error, averaged over 500 to 650 GHz,
among the studied misalignment cases is 0.124 dB. Considering the length difference of the
fabricated line-defect waveguides (10.47 mm), the maximum tolerance in the extracted

0.124

waveguide attenuation constant is 755- = 0.012 %. Therefore precise presentation for the

measured average waveguide attenuation constant is 0.40 + 0.012 %.

HR-Si channel -
waveguide 7

°ox (5.5um) 4 (5.5 pm), y (20 pm) |

WRys -0.6[= y (10 pm)

Error in Attenuation (dB)

WR R
% L Ly y (20 pm) * X (5.5 pm), y (20 pm)
e “0.8-% 7 (10 pm) z (20 pm)
X  z (20 pm)
gOO 525 550 575 600 625 650
f (GHz)

(a) (b)

Figure 2.20: (a) Simulation setup for examining error in the extracted waveguide loss.
(b) Error in the attenuation due to the misalignment in each of z, y, and z -directions
(directions and amount of the misalignments of each case study are shown).

2.4 Conclusions

In this chapter, a new photonic crystal line-defect waveguide based on SOG technology
was presented for THz applications. The proposed waveguide is designed, fabricated, and
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verified experimentally over the 500 to 700 GHz frequency range. The following synopses
present comparisons of the SOG line-defect waveguide with other THz waveguide tech-
nologies in terms of: losses of the waveguides, fabrication complexity and scalability, and
integrability with other components.

Losses of the Waveguides

Table 2.2 summarizes the losses of several THz waveguide structures investigated exper-
imentally (in the same frequency range). For better comparison, the loss values are pre-
sented in %, in which \g is the free space wavelength. As shown in this table, the pro-
posed waveguide has significantly lower loss compared to the planar metallic waveguides
(microstrip line and coplanar waveguide). However, the measured loss of the THz line—
defect waveguide is higher than that of the rectangular metallic waveguide [39], and the

suspended SOG waveguide [39].

Table 2.2: Performance comparison of THz waveguides

Waveguides Frequency (GHz) Attenuation
dB

constant a (5>)
Microstrip line [32] 500 to 600 > 1.5
Coplanar waveguide [31] 500 to 600 > 2
Rectangular metallic waveguide [28] 500 to 750 0.045
Suspended SOG waveguide [39)] 440 to 550 0.038
Line—defect SOG waveguide 540 to 630 0.208

(Presented in this chapter)

To further investigate losses in the line-defect waveguide, Fig. 2.21 shows simulation
results of the attenuation constant of this waveguide when pyrex is removed and HR-Si
is assumed loss-less. Also, simulation results of the waveguide when two different conduc-
tivities assumed for HR-Si and pyrex is included are repeated from Fig. 2.8 (inset). The
average waveguide attenuation constants are 0.39, 0.16, and 0.11 % for these three cases.
This simulation result shows that for a low-loss HR-Si, majority of the waveguide loss is
due to the mode leakage to the photonic crystal structure.
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Figure 2.21: Losses of the line-defect waveguide, with and without material loss.

Fabrication Complexity and Scalability

In the fabrication process presented in [28] for rectangular metallic waveguides, the two
halves of the waveguide are fabricated separately, and then connected through a complex
alignment process. In addition, the fabrication process becomes even more challenging at
higher frequencies inside the THz range; frequencies at which the waveguide performance
becomes more sensitive to potential errors in the alignment step of fabrication.

The suspended SOG and line—defect SOG waveguides follow the same fabrication pro-
cess. Using the advanced fabrication facility available for silicon-based devices, these planar
waveguides are easy to fabricate. Moreover, the fabrication process is scalable to higher
frequencies in the THz range.

Integrability with Other Components

The integration of passive and active components with a waveguide is an essential step
towards achieving compact THz systems. Planar SOG waveguides provide promising plat-
forms for integration compared to rectangular metallic waveguides.

In SOG technology, loss of the pyrex substrate should be avoided, not only for the
waveguide but also for other integrated components. Therefore, the etched region of the
pyrex substrate underneath the silicon layer needs to be expanded. In this case, the role
of a handling structure that supports the waveguide and other potential components over
the etched pyrex substrate becomes quite significant. In the suspended SOG waveguide
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presented in [39], the integration of other components is challenging due to its specific
handling structure. In contrast, the mechanically stable platform provided by the photonic
crystal structure in the proposed THz line-defect waveguide, makes such integration quite
achievable. Fig. 2.22 shows a few passive components based the THz line-defect waveguide,
schematically. The studies required to verify these integrations are among the suggestions
in the future works of this thesis.

HR-Si
Pyrex

(a) (b) ()

Figure 2.22: Passive components based on the THz line defect waveguide platform; (a)
bend, (b) ring resonator, and (c) powder divider.
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Chapter 3

Terahertz Silicon-BCB-Quartz
Platform

In this chapter, a new platform for THz dielectric waveguides, Silicon-BCB-Quartz (SBQ),
is proposed and investigated theoretically and experimentally. In the new THz waveguide,
shown in Fig. 3.1(a), HR-Si is the guiding medium and quartz is used as the substrate.
Guiding medium and the substrate are bonded using a benzocyclobutene (BCB) thin
adhesive layer.

Silicon-on-Glass (SOG) technology, which was described in Section 1.2.2 and based on
which THz line-defect photonic crystal waveguide presented in Chapter 2, uses pyrex as the
substrate. In this technology, pyrex underneath the guiding channel is etched to reduce
high losses of pyrex for frequencies above 200 GHz [15], as swhon in Fig. 3.1(b). The
pyrex etching not only adds to the fabrication complexity, but also creates the challenge
of handling the guiding channel over the etched pyrex. In the SBQ platform proposed
in this chapter, crystal quartz is used as the substrate. Crystal quartz is among very
low loss dielectrics in THz frequency range [I, (6], as swhon in Fig. 3.1(b), with high
permittivity contrast with HR-Si (relative permittivities of quartz and HR-Si are 4.45 and
11.69 respectively). In contrast to SOG technology, etching the substrate is not required
in the SBQ platform. This simplifies the fabrication significantly. Moreover, the quartz
substrate could perform as a supporting platform for other potential components integrated
with the SBQ waveguide and allows for realizing highly compact THz systems.

Crystalline quartz has thermal expansion coefficient very different from that of HR-Si;
therefore, high temperature bonding processes, such as anodic bonding, are not applicable
for bonding crystalline quartz and HR-Si. In contrast to high temperature bonding meth-
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Figure 3.1: (a) Proposed Silicon-BCB-Quartz (SBQ) waveguide structure. (b) Conduc-
tivities of pyrex, quartz, and BCB below 1 THz, (extracted from [1&], [66,75] and [73],
respectively).

ods, adhesive bonding techniques, which uses an intermediate layer, can tolerate different
thermal properties of the two medium to be bonded. BCB is an adhesive polymer, used
for bonding, packaging, and which is also used as dielectric substrate [32,67-72]. In SBQ,
BCB is used for bonding HR-~Si and the quartz substrate. This polymer has a relative
permittivity of about 2.49 and very low-loss charachteristics in the THz frequency range,
as shown in Fig. 3.1(b) [73].

Based on the proposed SBQ platform, a waveguide is designed for 500 to 580 GHz
frequency range and presented in Section 3.1. Then, fabrication process is presented and
discussed in Section 3.2. Measurement results are presented in Section 3.3. A waveguide
bend is a mandatory component toward achieving compact miniaturized devices. In Section
3.4, simulation, fabrication, and measurement results of SBQ-based bend are presented.
Conclusions of this chapter are presented in Section 3.5. It should be mentioned that some
of the results presented in this chapter have been published in [74].

3.1 Design and Simulation

The structure of the proposed waveguide is shown in Fig. 3.1. Permittivities and loss
values of crystalline quartz and BCB were extracted from [66,75] and [73] respectively.
HR-Si with different values of resistivity are characterized in the literature [59-01], as
summarized in Table 3.1. In simulations, two different values for the conductivity of HR-Si
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were considered, o, = 0.01 % and o9 = 0.42 %, which are the lowest and highest values
presented in Table 3.1 (same procedure was employed in Chapter 2, in simulating THz
line—defect waveguide).

Table 3.1: Conductivity of HR-Si

Silicon Resistivity Frequency Range Conductivity
10 kQ — cm [59] up to 1 THz 0.01 (2)
8 kQ — cm [60] up to 400 GHz 0.12 (2)
HR-Si [61] 500 to 750 GHz  0.13 to 0.42 (%)

(Resistivity value not mentioned)

The dimensions of the SBQ waveguide cross section are w = 180 pym and h = 100 pm,
and a thickness of 5 ym was assumed for the BCB layer. A simulation was performed using
the FEM method in HFSS simulator. The propagation constant of the fundamental mode
is shown in Fig. 3.2(a). The cutoff frequency of this mode is 415 GHz. Fig. 3.2(b) shows
the attenuation constant of the mode, for both o; and o5, conductivities of HR-Si. In Fig.
3.2(c)-(f), plots of the electric and magnetic fields of the fundamental mode are shown over
the cross section of the waveguide. Fig. 3.3 shows the same plots for the second mode of
the waveguide. As shown in Fig. 3.3(a), the cutoff frequency of the second mode is 470
GHz.

The SBQ waveguide was simulated in a back-to-back structure with tapered HR-Si
channel waveguides as transitions between the rectangular metallic waveguides, W Ry s,
and the SBQ waveguide, as shown in Fig. 3.4 (a) and (b). The long edge of the W Ry 5 is
along y-direction in order to excite the fundamental mode of the SBQ channel waveguide.
It should be mentioned that although the simulation frequency range contains excitation
frequencies of the second mode, it will not be excited due to mode mismatch (first mode
is E, mode, but second mode is £, mode). The waveguide length is L; = 9.43 mm, which
is more than 15\ over the frequency range of interest (\q is free space wavelength). A
simulation was performed for both conductivities of HR-Si, o7 and oy. Fig. 3.4(c) shows
the insertion loss (Ss1) through the back-to-back structure. Average insertion loss, over
the 500 to 580 GHz frequency range, is —0.55 dB and —2.64 dB for o; and o5 respectively,
and it drops significantly for frequencies lower than 450 GHz as it approaches the cutoff
frequency of the SBQ waveguide.
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Figure 3.2: (a) and (b): Normalized propagation constant and attenuation constant (for
two values of HR-Si conductivity) of the fundamental mode, (c) and (d) are the vector
plots and (e) and (f) are the absolute value plots of fields over the cross section of the

waveguide, all for first mode (f = 530 GHZ)35
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Figure 3.3: (a) and (b): Normalized propagation constant and attenuation constant (for
two values of HR-Si conductivity) of the second mode, (c) and (d) are the vector plots and
(e) and (f) are the absolute value plots of fields over the cross section of the waveguide, all

for second mode (f = 580 GHz). 26
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Figure 3.4: (a) Back-to-back structure of W R; 5 waveguide connected to W Ry 5-SBQ tran-
sition, a straight segment of SBQ waveguide, and SBQ-W R, 5 transition. Cross section
dimensions of WR; 5 are awpg, , = 0.381 mm and byg, ., = 0.191 mm. The waveguide
length is L; = 9.43 mm. (b) Tapered HR-Si channel as a transition between SBQ) waveg-
uide and W Ry 5, with length of L; = 0.75 mm. (c) Insertion loss through the back-to-back
structure, for two values of HR-Si conductivity, o; and o».
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3.2 Fabrication

The fabrication of the SBQ waveguide included three main steps: silicon-quartz bonding,
optical lithography, and silicon etching.

3.2.1 Silicon-Quartz Bonding

Table 3.2.1 shows the thermal expansion coefficients of several materials at room temper-
ature. Pyrex and silicon have very close thermal expansion coefficients; therefore, high
temperature bonding methods, such as anodic bonding, are applicable to bond these ma-
terials, as presented in Chapter 2. In contrast, the thermal expansion coefficients of silicon
and quartz are very different. This difference creates forces acting to de-bond the materials,
because each material expands at a different rate compared to the other.

In [77] a repetitive process of thinning the silicon layer and annealing the bonded silicon-
quartz interface is proposed. It is shown that, when the thickness of silicon is less than
a few pm, silicon can be bonded to quartz despite their very different thermal expansion
coefficients. However, in THz dielectric waveguides the thickness of the silicon (~ 100 pm
at 500 GHz) is significantly higher than what is possible using this method.

In [81], a plasma-assisted bonding method is proposed for bonding silicon and quartz.
Several plasma gases were investigated (e.g. oxygen, nitrogen, helium), and it is shown
that oxygen provides the best result. In this method, plasma activation provides a highly
hydrophilic and contamination-free contact surface due to the bombardment of energetic

Material Thermal Expansion

Coefficient (107%55)

Silicon 2.33 - 2.6 [76,77]
Pyrex 2.9 [76]
Crystal Quartz > 7.1 [78]
Silicon Nitride 2.44 [79]
Indium Phosphide 4.7 - 5.1 [80]
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ions. This bonding process takes several hours (~ 10 hours). In addition, plasma-assisted
bonding needs to be performed with special advanced equipment, not available in most
laboratories.

BCB is a polymer using with which strong and chemical and thermalstable stable
bondings can be achieved [67,69,70,72,82 83]. The curing of BCB happens through heating.
In [34], BCB is used to bond silicon to silicon nitride. To cure BCB, the temprature is raised
to 250 °C for 1 hour under vacuum conditions. In [85], silicon is bonded to pyrex, using
the same recipe. The vacuum condition prevents air from being trapped during bonding;
however, based on the results presented in [30], it is not a crucial requirement. In [30],
silicon is bonded to indium phosphide using BCB in an oven without vacuum condition.

Although adhesive bonding is almost independent of the parameters of the wafers to
be bonded, the thermal properties of the materials affect the curing temperature and time
required. Considering the thermal expansion coefficients of materials presented in Table
3.2.1, the difference between these coefficients of quartz and silicon is significant compared
to the other materials. Therefore bonding silicon and quartz, even using an adhesive
bonding method, is challenging. Several recipes for this bonding were investigated, as
described in the following sections.

Bonding in a Wafer Bonding Tool

The bonding steps are shown schematically in Fig. 3.5. Since the thickness of HR-Si is
as low as 100 um, working with such a thin layer without a handling layer is impractical.
Therefore SOI pieces with a 500 um thick handling silicon layer separated from the HR-Si
by a thin (2 pm) silicon dioxide layer were used. The bonding process begins by cleaning
the SOI and quartz pieces. This step is critical in order to achieve a strong bond. A
solution of NH4;OH, HyO,, and H,O at 75 °C is used for cleaning. The next step is to
coat the SOI and quartz pieces with BCB polymer. In order to achieve better adhesion,
a very thin layer of an adhesion promoter (AP3000) is spin coated first Fig. 3.5(b). Spin
coating BCB on each of the quartz and SOI pieces results in a thin BCB layer (4 pm),
Fig. 3.5(c). The edge beads of BCB on the edges of the pieces were removed using a rinse
solvent (T1100).

To cure the BCB layer, wafer bonding equipment (AML AWB-04 Aligner Wafer Bonder)
was used. The pieces were loaded into the machine an the pressure reduced to 10~* mbar.
Then the pieces were heated at 190 °C without contact. After one hour, the pieces came
into contact at a pressure of 0.35 MPa. The temperature was then increased to 250 °C
for one hour. The cooling process was preformed using nitrogen gas (cooling rate ~ 5
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Figure 3.5: (a) Cleaned quartz and SOI pieces, (b) pieces spin coated by adhesion promoter
(AP3000), (c) pieces spin coated by BCB, (d) silicon bonded to quartz through cured BCB.

;gl) After the chamber temperature reduced to 100 °C, the pieces were unloaded from

the equipment. The pieces were found to have multiple cracks.

The process was repeated with different parameters for curing and cooling down steps.
A lower temperate (190 °C) was used for the curing of BCB. For cooling down, before
applying the nitrogen gas, it was found that leaving the pieces to cool in the vacuum
condition until the temperature reduced to 150 °C was best. The cooling rate in vacuum
condition is significantly lower than that of nitrogen cooling (~ 1 % Versus ~ 5 %) After
the temperature had reached the desired level, nitrogen gas was used to cool the chamber
temperature down to 50 °C before opening the chamber. This recipe with a slower cool
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down rate was found to be successful. The total process time was about three hours. Since
a lower temperature was used for the BCB curing (190 °C compared to 250 °C), it is
reasonable to expect that a longer curing time would result in better bonding.

Bonding on a Hotplate

The curing of BCB in a vacuum chamber (wafer bonding tool) is a time-consuming process
and requires special equipment. In contrast, performing the curing on a hotplate is fast
and easy to access. Bonding silicon and quartz on a hotplate can be accomplished in 30
min. The bonding strength was sufficient to perform the remaining steps of the waveguide
fabrication.

It should be mentioned that several trials for BCB curing in an oven were performed
as well, but it was found that better results can be achieved by BCB curing on a hotplate.
Although it is expected that the bonding strength will be lower when a hotplate has been
used for BCB curing rather than a wafer bonding tool, hotplate bonding was used to
fabricate the SBQ waveguide because it is a simple and fast process. Quantification of the
bonding strength is not included in this thesis, but it is among the suggested future work
to be undertaken.

After bonding, the handle silicon layer of the SOI was removed using etching, and the
silicon dioxide layer was removed by HF (49 %) wet etching. A Cr/Au (30/150 nm) mask
on the back side of the quartz was used to protect it from the etching solution.

3.2.2 Optical Lithography

The steps of the optical lithography process are shown schematically in Fig. 3.6. First,
the SBQ pieces were coated with a thick photoresist (AZ P4620; 11 pum). After coating
the pieces with photoresist, hotplate baking was performed (115 °C for 90 seconds) and
the pieces were left in cleanroom for three hours to rehydrate (the same process as the
recipe used for the SOG platform in Chapter 2). Then, optical lithography was performed
to pattern the photoresist, followed by developing (in AZ 400K developer). The optical
microscope images of the results are shown in Fig. 3.7. As shown in this figure, the
photoresist has been removed in some areas, resulting in an incomplete pattern. Different
recipes for the baking step performed to resolve this issue. It was found that, due to the
very low thermal conductivity of quartz and BCB, the baking of the photoresist could not
be performed properly on a hotplate. In contrast to the hotplate, baking the photoresist
using an oven is almost independent of the thermal properties of the substrate materials.
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Several trials were conducted, changing the baking temperature and duration. The most
stable recipe from which multiple successful results were achieved was:

1. Start baking 10 min after coating SBQ by photoresist.
2. Bake in oven at 50 °C for 10 min.

3. Increase the temperate to 100 °C, and bake at this temperature for 50 min.

Figure 3.8 shows an optical microscope image of the photoresist pattern achieved using
this recipe.

[ Silicon

[ BCB
Quartz

[ Photoresist

(a) ) (©)

Figure 3.6: (a) SBQ piece, (b) piece coated with photoresist, (c¢) photoresist patterning
using optical lithography.

Figure 3.7: Optical microscope images of three different spots of the patterned photoresist
on SBQ structure, when a hotplate used for baking the photoresist.

Figure 3.8: Optical microscope image of patterned photoresist on SBQ structure, when
photoresist baked using proposed recipe.
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3.2.3 Silicon Etching

The next step involves etching the silicon via DRIE, using the patterned photoresist as the
mask. Cooling down the device during etching is an important factor of this process. The
heating of the silicon during DRIE results in erosion of the photoresist and an etch rate and
mask selectivity reduction. The recipe used for the DRIE (Bosch recipe), uses active cooling
to a temperature of 15 °C during the process. However, the low thermal conductivity of
the quartz and BCB was problematic. Erosion in the photoresist was observed even after
only a few cycles of the Bosch recipe, as is shown in the optical microscope image in Fig.
3.9.

The photoresist erosion during DRIE was considered when developing the photoresist
baking recipe presented in the previous section. Moreover, to avoid executive heat up, the
the required Bosch cycles were grouped into sets. Etching to a depth of 100 pm requires
around ~ 250 cycles of the Bosch recipe; in this case the cycles were split into 10 sets of
25 cycles. A cooling period was included after each set of 25 cycles.

After etching the silicon, the remaining photoresist was removed in acetone. Optical
and scanning electron microscope images of one of the fabricated samples are shown in
Fig. 3.10 and Fig. 3.11 respectively.

Figure 3.9: Optical microscope image of erosion in photoresist due to excessive heat up
during DRIE process.

3.3 Measurement

Figure 3.12(a) shows the measurement setup. A Network Analyzer (Agilent PNA-X) con-
nected to frequency extender modules (from Virginia Diodes Inc) was used as the source
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Figure 3.10: Optical microscope images of: (a) SBQ waveguide and tapered HR-Si channel,
and (b) magnified SBQ waveguide.

Figure 3.11: Scanning electron microscope images of: (a) fabricated waveguide, and (b)
magnified tapered HR-Si channel.

and detector in the setup. Frequency extender modules have rectangular metallic waveg-
uides, W Ry 5, at their outputs. There is a metallic stage between two W R, 5 waveguides
as a holder for the SBQ waveguide. The stage is designed such that the middle of the
tapered HR-Si channels align with the centres of W R; 5 waveguides. This stage is man-
ufactured using machining. Frequency extender modules are located on micropositioners
for alignment and safe insertion of tapered HR-Si channels into W R; 5 waveguides.

In order to de-embed the SBQ waveguide characteristics from the back-to-back struc-
ture, SBQ waveguide is fabricated and measured with two different lengths, L; = 9.43 mm
and Lo = 19.9 mm. Fig. 3.12(b) shows the measured Sy and Sj; of both lengths. The
average of Sy over the 500 to 580 GHz frequency range is —2.44 dB for L; and —2.96 dB
for L2.
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Figure 3.12: (a) Measurement setup; frequency extender modules with W Ry 5 outputs,
which are connected to a metallic stage. The THz SBQ waveguide is located on the stage
and tapered HR-Si channels are inserted into W Ry 5 waveguides. (b) Measured Sp; and Sy

for two SBQ waveguides with lengths of L; = 9.43 mm, and Ly = 19.9 mm, (c) Attenuation
constant; measurement and simulation results.
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3.3.1 Extracting the Waveguide Attenuation Constant

The attenuation constant of the SBQ waveguide is extracted from the scattering parameters
measured for two SBQ waveguides with lengths of L; = 9.43 mm and L, = 19.9 mm, using
the same method presented in Section 2.3.1.

Figure 3.12(c) shows the attenuation constant extracted from measurement results,
also the simulation results for both conductivities of HR-Si, o1 and o5. The measured
attenuation constant has the average of 0.046 %, which is equivalent to 0.026 % over 500
to 580 GHz frequency range.

The error due to the misalignments during measurements was studied in Section 2.3.2.
Based on the results presented in that section, the maximum value of the error, averaged
over 500 to 580 GHz, among the studied misalignment cases is 0.095 dB. Considering the
length difference between two SBQ waveguides (10.47 mm), the maximum tolerance in
the extracted waveguide attenuation constant is % = 0.01 %. Therefore, the precise
presentation of the measured average attenuation constant of the SBQ waveguide is 0.046
+ 0.01 %. The tolerance in this measurement can be reduced by using a longer length
difference, and by improving the measurement setup for better alignment. A more accu-
rate measurement setup is under development and not available at the time that these
measurements were performed. The measurement setup improvement is listed among the

future work of this thesis.

As presented before, the average of Sy; over 500 to 580 GHz range for the long waveguide
(Ly = 19.9 mm) is -2.96 dB. Using the average of the waveguide loss, coupling between
WR;5 and SBQ waveguides could be calculated, approximately, as w =-1
dB. The coupling value would be the same if the short waveguide, L, = 9.43, and the
average of Sy for that, -2.44 dB, be used to calculate coupling between W R; 5 and SBQ
waveguides. It should be mentioned that the calculated value, -1 dB, includes not only
the coupling between W R; 5 and SBQ waveguides, but also loss of these waveguides over
the taper section. Since the taper length is quite short, majority of the calculated loss is

because of the mode mismatch between the two different waveguides.

The losses of all three materials used in the SBQ waveguide structure (HR-Si, quartz,
and BCB) affect the waveguide attenuation constant. However, since HR-Si is the guiding
region and contains the majority of the mode power, it is expected that this material
has the most significant effect on the modal properties, including the mode attenuation
constant. More simulations with different conductivities assumed for HR-Si were performed
to provide an estimation of the conductivity of the used HR-Si sample. The result was that
with conductivity of ¢ = 0.05 % assumed for HR-Si, average of the waveguide loss over
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500 to 580 GHz frequency range is the same in simulation and measurement. As shown in
Fig. 3.12(c), based on simulation, using HR-Si with conductivity of oy = 0.01 %, loss of
the waveguide reduces to 0.015 %.

3.4 SBQ Bend

The Waveguide bend is among the most essential passive components for realizing compact
systems. Achieving sharper bends without significant increase of losses is highly desirable
for system miniaturization. In this section, an SBQ bend is studied and investigated
experimentally. Fig. 3.13(a) shows a back-to-back SBQ bend structure, which contains
four 90° bends; all with radius of R. Bend radius (R) is swept in simulation from 0.5 to 2
mm. Fig. 3.13(b) shows the simulation result. As can be seen in this figure, the bending
loss is insignificant for a bend with radius equal to or more than R = 1.5 mm.
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Figure 3.13: (a) SBQ bend structure; containing four back-to-back 90° bends. (b) Simula-
tion results of the bend structure, for R = 0.5, 0.75, 1, 1.5, and 2 mm.

The bend structure is fabricated using the same recipe presented in Section 3.2. Fig.
3.14(a) shows the schematic of the SBQ bend device, which includes: tapered HR-Si chan-
nels as transitions between the W R; 5 waveguide and the SBQ waveguide, SBQ waveguides
with lengths of Ly = 6.77 mm, and SBQ bend in the middle which contains four back-to-
back 90° bends all with radius of R = 1.5 mm. The measurement setup and the fabricated
bend device are shown in Fig. 3.14(b).
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Insertion loss of the bend structure (the region bounded by dashed lines in Fig. 3.14(a),
could be extracted from the measurement results of the bend device by de-embedding
the effect of the W Ry 5 waveguide, tapered HR-Si channel, and SBQ straight waveguide
segments using the same method presented in the previous section. Suppose the excitation
sections, including the W R;; waveguide and tapered HR-Si channel, have transmission
matrices of Tx and Ty on two ends. Considering the transmission matrices of the SBQ
waveguides with the length of Ly as Ty, and the transmission matrix of the bend structure
Ty, then, the measured transmission matrix of the bend structure can be written as:

T3 = Ty Tr, TeTr, Ty (3.1)

The transmission matrix of the SBQ waveguide with length L, as presented in the previous
section, could be written as:

e 0 } (3.2)

ra- [0 8

Since the radius of the bend section is large in comparison to the wavelength, the bend
structure can be assumed to act as a single mode waveguide with higher radiation losses
due to bending; therefore, the transmission matrix of the bend structure can be written
as:

Tp = [‘f)B 6%] (33)

To extract Ty from the measured matrix, T3, the measured matrix for the waveguide with
length of Ly is used:

Ty =TTy, T, (3.4)
Multiplying T3 by the inverse of T:
T3Ty' = T, TpoT ! (3.5)
In which,
e~ 1(2Lo—L2)—B 0
Te2 = 0 ¢V(2Lo—Lo)+B (3.6)

The eigenvalues of TsT5*' and Tgy are the same. The value of y, which is the propagation
of the straight waveguide, is known from the previous section. Therefore, matrix T can
be calculated.

Matrix T'g is converted to the scattering matrix, and the S5; parameter of this matrix
is plotted in Fig. 3.14(c). This figure also includes the simulation results for the same
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Figure 3.14: (a) Schematic of SBQ bend device whit four 90° bends of radius R = 1.5 mm,
tapered HR-Si channels, and two SBQ straight waveguides each with length of Ly = 6.77
mm. (b) Measurement setup with SBQ device located on the stage. (c) Ss; of the bend
structure; simulation and measurement results.

structure for two HR-Si conductivities, o7 and g5. The average of the measured insertion
loss (S91) is -1.56 dB over the 500 to 580 GHz frequency range. The average of the
simulation results of the same quantity over the same range of frequency are -0.28 dB and
-2.37 dB, for 07 and oy respectively. The results show that the bending loss of the structure
is tolerable for this range of frequencies and can be reduced even further when using an
HR-Si with lower losses (7).
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3.5 Conclusions

In this chapter, an SBQ structure was proposed and investigated as an efficient platform
for compact THz systems. An average measured waveguide loss as low as 0.026 i—]g’ was
reported for the fabricated SBQ samples, over the 500 to 580 GHz frequency range. The
following synopses are comparisons of the presented waveguide with other THz waveguide
technologies in terms of: losses of the waveguides, fabrication complexity and scalability,
and integrability with other components.

Losses of the Waveguides

Table 3.2 is a repeat of Table 2.2, with the SBQ waveguide results added to the end. The
proposed SBQ waveguide has the lowest loss among the waveguides shown in this table.

Table 3.2: Performance comparison of THz waveguides

Waveguides Frequency (GHz) Attenuation
constant o (‘i—f)
Microstrip line [32] 500 to 600 > 1.5
Coplanar waveguide [31] 500 to 600 > 2
Rectangular metallic waveguide [28] 500 to 750 0.045
Suspended SOG waveguide [39)] 440 to 550 0.038
Line—defect SOG waveguide 540 to 630 0.208
(Presented in Chapter 2)
SBQ waveguide 500 to 580 0.026

(Presented in this chapter)

Fabrication Complexity and Scalability

One of the primary advantages of the presented SBQ waveguide is that it is easy to fabri-
cate. As mentioned in Section 2.4, an advantage of THz dielectric waveguides is their sim-
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pler fabrication processes compared with metallic rectangular waveguides [23]. Moreover,
they are scalable to the higher frequencies in the THz range, using the same fabrication
processes.

Comparing the SBQ waveguide with the SOG waveguides (suspended SOG waveg-
uide [39], and line—defect waveguide presented in Chapter 2), the SBQ waveguide has a
significantly easier fabrication process due to the absence of the substrate etching require-
ment. Also, the verified ability to successfully perform adhesive bonding on a hotplate,
means that the SBQ platform can be fabricated using basic cleanroom facilities.

Thermal Stability

As it was experienced during the fabrication process of the SBQ waveguide, very different
thermal expansion coefficients of silicon and quartz degrades the thermal stability of this
platform. In contrast, rectangular metallic waveguide and SOG waveguides can tolerate
severe thermal conditions better than the SBQ platform. Depending on the application for
which the SBQ platform might be used, several thermal condition scenarios can be studied.
As an example scenario performed in this research, it was found that SBQ platform can
tolerate temperature change from 190 °C to the room temperature with a cooling rate low
enough.

Integrability with Other Components

The integration of passive and active components with a waveguide is an essential step
towards achieving compact THz systems. Comparing the SBQ and SOG platforms in
terms of integration, the SBQ platform has the remarkable advantage of having quartz as
the substrate for all integrated components; in contrast, the etched pyrex substrate of the
SOG platform creates challenges for integration purposes.
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Chapter 4

THz Slot Waveguides for Field
Confinement

Slot waveguides, consisting of a dielectric layer with a narrow slot region in the middle,
provids highly confined fields in the slot region, and consequently, an enhanced interaction
between the waveguide mode and a material in the slot region. In the optical frequency
range, this type of waveguide has been studied extensively, and used for a variety of ap-
plications including sensing [87-89]. In the THz frequency range, the concept of a slot
dielectric waveguide has been investigated theoretically in [90], using a free standing sili-
con layer (no substrate). However, since no substrate is considered in [90], their approach
does not result in a practical waveguide. There have not been any fabrication or measure-
ment results presented for slot dielectric waveguides in the THz frequency range to date.
In this chapter, two THz slot waveguide structures are proposed and investigated: 1) an
SBQ THz slot waveguide, and 2) a THz slot plasmonic waveguide based on doped-GaAs.

In Section 4.1, an SBQ THz slot waveguide is proposed. In this waveguide, the electric
field is confined in a sub-wavelength region (% X ;‘—g) of the waveguide cross section, at f
= 530 GHz () is the free space wavelength). The design of this waveguide and its fabri-
cation and measurement results are presented. Then, in Section 4.2, a THz slot plasmonic
waveguide based on doped-GaAs is presented. Using simulation results, it is shown that
the fundamental mode of this waveguide can be confined in a deep-subwavelength region
(22 x 22) of the waveguide cross section, at f = 530 GHz () is the free space wavelength).
Conclusions drawn from the work reported in this chapter are presented in Section 4.3.
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4.1 THz SBQ Slot Waveguide

In this section, using the SBQ platform proposed in Chapter 3, an SBQ THz slot waveguide
is proposed. The waveguide is designed for use at the 500 to 600 GHz frequency range,
and its fabrication and measurement results are presented. In Section 4.1.1, the wave-
guide structure and simulation results are presented. Then, in Section 4.1.2, fabrication
results are presented. Two different lengths of the proposed waveguide were fabricated.
Measurement results are presented in Section 4.1.3.

4.1.1 THz SBQ Slot Waveguide: Design

Consider a free standing channel waveguide, as shown Fig. 4.1(a). Due to the permittivity
difference between regions 1 and 2 (inside and outside of the guiding region), the E,-
component of the electric field has discontinuity at the vertical boundaries between the
t_v>vo regions. Based on the continuity of the normal component of the displacement vector,

D x:

= =
D, -x= Dy -x at the vertical boundaries (4.1)
E.1e,1 = E,9e91  at the vertical boundaries (4.2)

in which, ¢,; and ¢, are the relative permittivity of regions 1 and 2, respectively.
Therefore, when €,1 > €,9, F,2 would be larger than F,; by a factor of EL; The distribution

of the amplitude of E, along the x axis for y = yy + % is shown in Fig. 4.1(a). A slot
waveguide, Fig. 4.1(b), is a channel waveguide with a narrow gap in the middle. Because
of the discontinuity of the E,-component of the electric field, electric field would be highly
confined inside the slot region of the waveguide, as shown in Fig. 4.1(b).

Figure 4.2(a) shows a slot waveguide based on the SBQ platform. A simulation of the
waveguide was performed using the FEM method in HFSS simulator. The slot width is
Wgor = 20 um, and the waveguide total width is 2w +wg, = 260 pm. Thicknesses of HR-Si
and BCB were 100 ym and 5 pum respectively. A conductivity of o3 = 0.05 % was assumed
for HR-Si in this simulation. Permittivities and loss values of crystalline quartz and BCB
were extracted from [66,75] and [73] respectively, as were presented in Chapter 3. The
simulation results for the normalized propagation and attenuation constants of the first
three modes of this waveguide are plotted in Fig. 4.2(b) and (c). The field distributions
of these modes are plotted in Fig. 4.3, Fig. 4.4, and Fig. 4.5.
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Figure 4.1: (a) Distribution of the amplitude of the F,-component of the electric field of
the first E,-mode of a channel waveguide, along the = axis, at y = yo + % (b) Distribution
of the amplitude of the E,-component of the electric field of the first £,-mode of a slot

waveguide, along the x axis, at y = yo + %
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Figure 4.2: (a) THz SBQ slot waveguide (wge = 20 pm, w = 120 pm, h = 100 pm), (b)
Normalized propagation constants of the first three modes of the waveguide (kg is the free
space wavenumber), (c¢) Attenuation constants of the first three modes.
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Figure 4.3: First mode of the SBQ) Slot Waveguide: (a) and (b) are vector plots of the

electric and magnetic fields, respectively, and (c) and (d) are the intensity plots of the
electric and magnetic fields, respectively.
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Figure 4.4: Second mode of the SBQ Slot Waveguide: (a) and (b) are the vector plots of

the electric and magnetic fields, respectively, and (c¢) and (d) are the intensity plots of the
electric and magnetic fields, respectively.
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Figure 4.5: Third mode of the SBQ Slot Waveguide: (a) and (b) are the vector plots of
the electric and magnetic fields, respectively, and (c) and (d) are the intensity plots of the
electric and magnetic fields, respectively.
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As shown in Fig. 4.4(c), the electric field of the second mode is highly confined in the
slot region (wge X h =20 pm x 100 pm = ;‘—8 X % at f = 530 GHz, where ) is the free
space wavelength). It is this mode of the waveguide which is of interest for applications

such as sensing.

To characterize the SBQ slot waveguide while its second (confined) mode is excited, a
Network Analyzer with frequency extender modules were used. Each frequency extender
module has metallic rectangular waveguide output, W Ry 5; therefore, a low loss transition
from W Ry 5 to the SBQ slot waveguide was required. Fig. 4.6(a) shows a transition from
W Ry 5 to the SBQ channel waveguide (taper length of L; = 0.75 mm), and then from the
SBQ channel waveguide to the SBQ slot waveguide (taper length of L;; = 3 mm). Due to a
significant field distribution difference between the fundamental mode of the SBQ channel
waveguide and the second mode of the SBQ) slot waveguide, a long taper between them is
expected to achieve a low loss transition. The gap between the tapered channel and slot
waveguides is ¢ = 5 pm, as shown in Fig. 4.6(a). The size of this gap, g, and the taper
length between the SBQ channel and slot waveguides, L;;, are optimized to minimize the
insertion loss, So1, from W Ry 5 to the SBQ slot waveguide.

In Fig. 4.6(a), the distribution of the absolute value of the electric field, ‘E ‘, is plotted

over the cross sections, zy planes, of the three waveguides (A: WR; 5, B: SBQ channel,
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and C: SBQ slot waveguides), each operating at 530 GHz. Fig. 4.6(b) shows the scattering
parameters of this transition; from the fundamental mode of W R; 5 to each of the first
three modes of the SBQ slot waveguide. By examining these scattering parameters, it can
be seen that coupling from the first mode of the W Ry 5 to the first and third modes of
SBQ slot waveguide are below —40 dB, and the reflection to the W Ry 5 is below —25 dB.
Fig. 4.6(c) shows that the coupling from the W R 5 to the second mode of the SBQ slot
waveguide is better than —0.8 dB, over the 500 to 600 GHz frequency range. It should
be mentioned that this is the mode of the SBQ slot waveguide demonstrating the greatest
confinement of the electric field inside the slot region.

4.1.2 THz SBQ Slot Waveguide: Fabrication

The fabrication process for the SBQ slot waveguide is almost the same as that of the SBQ
channel waveguide, presented in Section 3.2, however, they differ in terms of the optical
lithography step for patterning the photoresist. Using an optical lithography process for
the SBQ slot waveguide is more challenging than that for the SBQ channel waveguide; par-
ticularly with regards to the taper connecting the channel waveguide to the slot waveguide.
In the taper between the two waveguides, the gap is only ¢ = 5 um, a small dimension to
fabricate using the optical lithography process.

First, the recipe used to pattern the photoresist for the SBQ channel waveguide is
used for the SBQ) slot waveguide. In order to avoid the photoresist sticking to the mask
during the optical lithography process, a few pieces of silicon, 150 pum thicker than the
actual SBQ pieces sample, are loaded as well. The result is shown in Fig. 4.7(a); the
pattern resolution is not enough to achieve the narrow gap in the taper section. This low
resolution pattern is due to the large distance between the photoresist and the mask during
the exposure. Using thinner adjacent pieces should resolve the problem. However, at the
time of fabrication, adjacent pieces with an accurate thickness were not available. So, the
same available adjacent pieces were used for alignment purposes. To avoid alignment error,
these pieces were removed from the stage very slowly, right before the exposure. The result
is shown in Fig. 4.7(b), which has a high resolution in the photoresist pattern.

Figure 4.8(a), (b) and (c) show the optical microscope images of the patterned photore-
sist of: the tapered section of the SBQ channel waveguide, the taper section between the
SBQ channel and slot waveguides, and a segment of the SBQ slot waveguide, respectively.
The optical microscope images of the final device (after etching the silicon and cleaning
the photoresist) are shown in Fig. 4.8(d), (e) and (f). These illustrate the taper section
between the channel and slot waveguides, section of slot waveguide, and zoom in of the gap
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Figure 4.6: (a) Transition from W R; 5 waveguide to SBQ channel waveguide (taper length
of Ly = 0.75 mm), and transition from SBQ channel waveguide to SBQ slot waveguide
(taper length of L;; = 3 mm), wgy, = 20 um, g = 5 pum. (b) Scattering parameters
between the first mode of the W Ry 5 waveguide and first three modes of the SBQ slot
waveguide. (c¢) Coupling from the first mode of the W R; 5 to the second mode of the SBQ
slot waveguide.
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Figure 4.7: Photoresist pattern for the taper from the channel waveguide to the slot waveg-
uide; (a) Low resolution (unclear) photoresist pattern, (b) High resolution (clear) photore-
sist pattern.

of the slot waveguide, respectively. The target value for the slot width in the slot waveguide
and the total width of the slot waveguide, are 20 and 260 pm, respectively. Fabrication
results for these dimensions were 21.5 and 259.7 pum, as shown in Fig. 4.8(e) and (f),
respectively. The optimized value for the gap between the slot and channel waveguides in
the taper section was 5 pum, the fabrication result for this dimension was 5.34 pm.

4.1.3 THz SBQ Slot Waveguide: Measurement

Two SBQ slot waveguides, with lengths of L; = 5.6 mm and Ly = 9.6 mm, were fabricated.
In each of these waveguides, tapers to the SBQ channel waveguides on both sides were
included. In addition, the channel waveguide was tapered as a transition to the metallic
rectangular waveguide, W Ry 5, on both sides (shown in Fig. 4.9).

The setup used to measure the slot waveguides is the same as that used to measure the
performance of the SBQ channel waveguide (shown in Fig. 3.12(a)). The device, with the
schematic shown in Fig. 4.9, connects two W R, 5 waveguides. The scattering parameters,
S91 and Sy, measured between the two W Ry 5 waveguides, are shown in Fig. 4.10(a), for
both lengths of slot waveguide. The average of S5 over the 500 to 570 GHz frequency
range is -2.8 dB and -3.37 dB, for L; and L, respectively.

The loss of the SBQ slot waveguide was extracted from the measurement results of two
waveguides with different lengths using the method presented in Section 2.3.1. Using this
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Photoresist

Figure 4.8: Optical microscope images of the photoresist pattern of: the tapered SBQ
channel waveguide (a), taper section between the SBQ channel and slot waveguides (b),
and segment of the SBQ slot waveguide. Images of the final device after etching the silicon
and cleaning the photoresist, taper section between the SBQ channel and slot waveguides
(d), section of the SBQ slot waveguide (e), and zoom into the gap region of the SBQ slot
waveguide (f).

approach, the effects of the transitions between W R; 5 and SBQ channel waveguides and,
the transitions between the SBQ channel and slot waveguides were removed. The resulting
attenuation constant of the SBQ slot waveguide is shown in Fig. 4.10(b). The average of

the attenuation constant over the 500 to 570 GHz frequency range was found to be 0.16
dB.

Figure 4.10(b) shows the simulation results for the attenuation constant of the second
mode of the SBQ slot waveguide, for both ¢ = 0.05 % and oo = 0.42 % assumed as the
HR-Si conductivity. The averages of these simulation results over 500 to 570 GHz are 0.04
% and 0.17 % for o and oy respectively. Although assuming a higher conductivity for
HR-Si provides a similar average attenuation constant in simulation and measurement, it
should be noted that inaccuracy in the material parameters used for quartz and BCB in the
simulation could be the reason of the discrepancy between simulation and measurement

results. Specifically, in Fig. 4.6, comparing the absolute value of the electric field over
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Figure 4.9: Schematic of back-to-back structure fabricated for characterizing the SBQ slot
waveguide. L; = 0.75 mm, is the transition between W R; 5 and SBQ channel waveguides.
L1 = 3 mm, is the transition between the SBQ channel and slot waveguides. Lengths of
the slot waveguides are L; = 5.6 mm and Ly = 9.6 mm. w = 120 ym, ws, = 20 pm.
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Figure 4.10: (a) Scattering parameters, Sp; and Si;, measured between two W Ry 5 waveg-
uides (connected by the device with schematic shown in Fig. 4.9), for both lengths of SBQ
slot waveguide (L; = 5.6 mm and Ly = 9.6 mm). (b) Attenuation constant of SBQ slot
waveguide extracted from measurement results.
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the cross section of the channel and slot waveguides (B and C), field penetration into the
substrate material is more in the slot waveguide. Therefore, if a higher loss be assumed for
the substrate material, it is expected that the loss of the slot waveguide to be increased
more than that in the channel waveguide.

The error due to the misalignments during measurements was studied in Section 2.3.2.
Based on the results presented in that section, the maximum value of the error, averaged
over 500 to 570 GHz, among the studied misalignment cases is 0.092 dB. Considering the
length difference between the two SBQ slot waveguides (4 mm), the maximum tolerance in
the extracted waveguide attenuation constant is % = 0.023 %. Therefore, the precise
presentation of the measured average attenuation constant of the SBQ slot waveguide is
0.16 £+ 0.023 %. The tolerance in this measurement can be reduced by using a longer
length difference between two SBQ slot waveguides, and by improving the measurement
setup for better alignment. A more accurate measurement setup is under development
and not available at the time that these measurements were performed. The measurement

setup improvement is listed among the future work of this thesis.

4.2 THz Slot Plasmonic Waveguide Based on Doped-
GaAs

Plasmonic waves, essentially couplings between electromagnetic waves and the collective
oscillations of free electrons of a metal, have attracted attention as useful for many appli-
cations including sensing [91-94] and enhanced spectroscopy [95-99]. Integrated plasmonic
devices can lead to synergies between optics and electronics and there has been a signifi-
cant amount of progress made in developing individual plasmonic building blocks [100-104].
One of the main components within an integrated plasmonic device is a plasmonic waveg-
uide. Plasmonic waveguides support highly confined modes, and to date, several plasmonic
waveguide structures have been proposed [105-109].

An optical plasmonic slot waveguide, which is made of a slot in a thin metallic film, has
been investigated recently and provides highly confined fields in the slot region [110-112].
This type of plasmonic waveguide transmits most of the energy through the air in a deep-
subwavelength area of the waveguide cross section.

The extension of optical plasmonic device concepts to the THz range of frequencies is
quite challenging. Metals (e.g. gold and silver) support plasmonic waves at optical fre-
quencies because they have small and negative real part of permittivity at THz range of
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Figure 4.11: Doped-GaAs THz slot plasmonic waveguide (w = h = 30 um).

frequencies. At THz spectrum, the permittivity of metals are very large; therefore, electro-
magnetic waves cannot penetrate into the metal and plasmonic mode cannot be supported.
In order to have plasmonic modes at THz frequencies, highly doped semiconductors (e.g.
GaAs, silicon, InP) could be used as the plasmonic material [113-119].

In this section, a THz plasmonic slot waveguide based on doped-GaAs is proposed
and analyzed, Fig. 4.11. GaAs was chosen as the plasmonic material because it has
higher electron mobility as compared to other semiconductors [120]. In Section 4.2.1, the
modelling of GaAs using the Drude model is presented. Then, in Section 4.2.2, simulation
results of the proposed waveguide are presented.

4.2.1 Doped-GaAs Modeling

Doped-GaAs can be effectively modeled by Drude theory [119,121]:

jo
c(w) =€o + — 4.3
(@) = et 22 (13)
in which e, is the high frequency limit for the permittivity of GaAs, ¢y is the vacuum
permittivity, and w is the angular frequency. The conductivity of GaAs, o, can be derived

from [119,121]:

100Ne’ 7 /m*
5= WONer/m” (4.4)
1 —jwr
m*u
= 4.5
T= (4.5)

in Eq. 4.4, N is the carrier density, and m* is the electron effective mass, 7 is the carrier
relaxation time, and p is the carrier mobility, which is a function of the carrier density.
For GaAs [120]:

m* = 1.39 x 107*? [kg] (4.6)
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€00 = 10.89¢ (4.7)

For n-doped GaAs, the carrier mobility can be derived from the empirical formula [122]:

094
T IE VIO TN

As the absolute value of the real part of the permittivity increases, field penetration into
the GaAs will decrease. This also result in the loss decreasing. A smaller imaginary part
of the permittivity will result in lower loss as well. Therefore, to minimize material loss,
an optimum carrier concentration level should be considered which minimizes the ratio of
[known as the dielectric loss tangent, tan(d)]. In Fig. 4.12(a), this factor is shown
as a function of the carrier concentration, at f = 530 GHz. Here, the optimum value for
the carrier concentration is N = 0.3 x 10" cm™3. Fig. 4.12(b) and (c) show the real and
imaginary parts of the permittivity of GaAs with the optimum carrier concentration as a
function of frequency.

(4.8)

[
&J

4.2.2 Simulation of the THz Slot Plasmonic Waveguide

The structure of the proposed THz plasmonic slot waveguide is shown in Fig. 4.11. It
is basically a slot in the middle of a GaAs layer. The layer thickness and slot width are
are w = h = 30 pum. For simplicity, a symmetrical waveguide was considered, in which
the GaAs layer is supposed to be free standing in air. Permittivity values, shown in Fig.
4.12(b) and (c), were assumed for GaAs in the simulations. The Finite Element numerical
method (FEM) of COMSOL Multiphysics software was used for the simulations.

100
~ g
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= (=]
2 280
w
=2 2
70
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N (x 10" ‘em™) f (GH2) f (GHz)

(a) (b) (¢)

Figure 4.12: (a) Loss tangent ( i_—/,/ ) of GaAs as a function of its carrier concentration at
530 GHz. (b) and (c) are real and imaginary parts of the relative permittivity of GaAs,

respectively, with the optimum carrier concentration, N = 0.3x10"cm™3.
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In Fig. 4.13 and Fig. 4.14, field plots of the first two modes of the proposed THz
plasmonic slot waveguide are presented. As shown in Fig. 4.13, the fields of the first mode
are confined in the deep-subwavelength slot region (w x h = 30 pm x 30 ym = % X % at
f = 530 GHz, wherein )\ is the free space wavelength).

In Fig. 4.15(a), the normalized propagation constants of the first and second modes
are shown. The propagation constant is larger than the free space wavenumber (kg), so
these modes are bounded (non-radiative). The normalized propagation constants increase
with frequency; mainly due to the fact that the absolute value of the permittivity of GaAs
decreases with frequency [Fig. 4.12(b) and (c)]. Therefore, for higher frequencies, a larger
portion of the mode power will be inside the GaAs, so the normalized propagation constant
(effective refractive index) will increase.

The attenuation constant of a plasmonic waveguides is usually expressed in terms of
the propagation length, defined as the length over which field amplitudes would be reduced
by a factor of e (Neper number). Denoting the complex wavenumber of the mode by 8 +
ja, then the propagation length is given by:

L. =

p

1
- (4.9)
Figure 4.15(b) shows the propagation lengths for the first two modes of the proposed
waveguide versus frequency. It shows that the propagation lengths decrease with frequency.
This is because at higher frequencies the absolute value of GaAs permittivity is smaller
[Fig. 4.12(b) and (c)|, so the percentage of the mode power inside the GaAs will increase
and consequently the loss will also increase. Higher loss means shorter propagation length.
The propagation length of the first mode at f = 530 GHz, is L, = 1.03 pm, equivalent to
8.7 s—i. The loss of this waveguide is three orders of magnitude higher than that of the
waveguides based on HR-Si, and this fact limits the length of the waveguide.

Figure 4.16 shows the normalized propagation constants and propagation lengths as
a function of the slot width w, for slot heights of h = 20 and 30 um, for the first two
modes of the proposed THz plasmonic waveguide. The normalized propagation constants
increase as the slot width decreases. This is due to the fact that for smaller slot widths
the percentage of the mode power inside the GaAs increases. In addition, the propagation
length decreases with smaller widths w. The effect of slot height, h, on the normalized
propagation constant is minimal, as shown in Fig. 4.16(a). However, as shown in Fig.
4.16(b), decreasing the slot height, h, decreases the propagation length, L,.
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Figure 4.13: (a) and (b): Vector plots of the electric and magnetic fields of the first mode,

respectively. (c) and (d): Intensity plots of the electric and magnetic fields of the first
mode, respectively.
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Figure 4.14: (a) and (b): Vector plots of the electric and magnetic fields of the second

mode respectively. (c) and (d): Intensity plots of the electric and magnetic fields of the
second mode, respectively.
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Figure 4.15: (a) Normalized propagation constants of the first two modes of the THz slot
plasmonic waveguide (kg is the free space wavenumber). (b) Propagation lengths of the first
two modes of the THz slot plasmonic waveguide, normalized to the free space wavelength.
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Figure 4.16: (a) and (b) are normalized propagation constants and propagation lengths,

respectively, for the first two modes of the THz slot plasmonic waveguide, versus slot width,
w, for slot heights A = 20 and 30 pm.
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Smaller slot dimensions are preferred as they result in higher mode confinement. But, as
Fig. 4.16(b) shows, the waveguide loss would increase as well. There is a trade-off between
mode confinement and waveguide loss. As can be seen in Fig. 4.16(b), the propagation
length does not increase significantly (and the loss does not decrease significantly) for
dimensions larger than w = 30 pm.

The investigated THz plasmonic waveguide has a symmetric structure; a free standing
layer of GaAs with a slot region and the same medium below and above the GaAs layer
(air). For experimental investigation and validation of the proposed waveguide, a proper
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substrate will be required, resulting in an asymmetrical structure. To provide a practical
waveguide structure, a quartz substrate bonded to the GaAs layer using a thin BCB
adhesive layer is proposed. Such an asymmetric waveguide structure has been studied
theoretically with results published in [71]. Those findings will not be presented here, in
an effort to maintain the cohesiveness of this thesis. However, it is worth mentioning that
in the asymmetric case, the leaky surface plasmon waves propagating at the interface of the
GaAs layer and the quartz substrate must also be considered as a part of the spectrum of
the modes supported by the waveguide. To avoid these leaky waves an upper limit should
be imposed on the width of the slot region (presented in [71]).

4.3 Conclusions

In this chapter, two slot waveguides for THz field confinement have been proposed and
analysed. The SBQ THz slot waveguide was fabricated and its low-loss characteristics
were verified experimentally. As compared to the THz SBQ slot waveguide, the proposed
THz plasmonic slot waveguide has higher losses by three orders of magnitude, limiting the
practicality of this waveguide.

In the plasmonic waveguide, the slot dimensions were w = h = 30 um, and the waveguide
mode was confined in a ’1\491 X % region at f = 530 GHz, with Ay being the free space
wavelength. Comparing these modal field dimensions with those of the SBQ slot waveguide
(% X é\—g for an electric field at the same frequency), the plasmonic slot waveguide provided
deep-subwavelength confinement in both directions of the waveguide cross section, for
both electric and magnetic fields. While decreasing the slot height of the THz SBQ slot
waveguide would increase the waveguide’s cutoff frequency, the plasmonic slot waveguide
maintained its confined propagating mode, even with the deep-subwavelength dimensions
of the slot region, both in height and in width, due to the different guiding mechanism

(plasmon resonances).

A more quantitative comparison of the field confinement of these two waveguides re-
quires a figure of merit. In the next chapter, focused on the use of THz waveguides for
absorption spectroscopy, a figure of merit is defined and the field confinements of the
proposed waveguides are compared based on this figure.
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Chapter 5

Terahertz Absorption Spectroscopy

5.1 Introduction

Absorption spectroscopy is a spectroscopy technique that measures the absorption of elec-
tromagnetic wave radiation as a function of frequency, due to its interaction with a material
sample. This spectroscopy method is used as an analytical chemistry tool to determine the
presence of a particular substance in a sample and, in some cases, to quantify the amount of
the substance. Some materials have absorption peaks, called absorption signatures, at spe-
cific frequencies. These absorption signatures are typically classified according to the nature
of the change induced in the sample when interacting with electromagnetic waves at those
specific frequencies. Rotational absorption lines refer to the absorption of electromagentic
waves due to change in the rotational state of molecules, typically found in the microwave
spectral range. Vibrational absorptions correspond to changes in the vibrational state of
molecules and typically happen in the infrared (IR) range. Electronic absorption lines are
produced from changes in the electronic state of the atoms or molecules and typically oc-
cur in the visible and ultraviolet ranges. In the mid-IR range of frequencies, corresponding
to wavelengths of 2.5 to 25 pum, absorption is caused by both molecular vibrations and
rotational vibrations. The IR spectrum contains information about the molecular struc-
tures, the strength and the orientation of chemical bonds, and the rotational states of the
molecules. As an example, Fig. 5.1(a) shows the vibrational and rotational modes of a
water molecule, and Fig. 5.1(b) shows macromolecular dynamics (stretching, bending, and
torsional vibration) [I]. When a beam of IR waves passes through a sample and its fre-
quency is the same as the vibrational frequency of a chemical bond, absorption occurs. IR
absorption spectroscopy is a simple and reliable technique widely used for the identification
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Figure 5.1: (a) Rotational and vibrational modes of a water molecule [1], (b) Macromolec-

ular dynamics: stretching, bending, and torsional vibrations [1].

of organic and inorganic compounds, polymers, and biological samples [123].

THz absorption spectroscopy measures the spectrum of the material over the THz
range of frequencies, 300 GHz to 3 THz. A common question about THz absorption
spectroscopy, is how the information provided by this new spectroscopy method is differ-
ent from that provided by the much more mature IR absorption spectroscopy technique.
A unique charachteristic of THz absorption spectroscopy is its ability to observe inter-
molecular vibrations in some chemical and organic molecules [22]. In these materials, the
intramolecular modes appear in the IR range, but the intermolecular modes fall within the
THz gap. The study of these intermolecular vibrations has shed light on the dynamics of
large biomolecules [22, 124, 125]. As an example, Fig. 5.2 shows changes in the absorption
spectrum of barbital (a hypnotic drug) after heat treatment, in both the THz and IR fre-
quency ranges [22]. As shown in this figure, a difference in the spectrum at the THz range
is clear, while change in the IR range is not apparent.

Common explosives, such as RDX, HMX, PETN, and TNT, have unique spectral sig-
natures in the THz gap [3-5, 126—128]. Fig. 5.3 shows the signatures of RDX in the THz
gap and their chemical structures [3]. These materials exhibit strong radiation absorption
at certain THz frequencies making it possible to differentiate them from typical covering
materials such as clothing and plastic that are almost transparent at THz frequencies. So
absorption spectroscopy could be used for security inspection of closed/sealed packages.

Applications of the absorption spectroscopy can be divided into two main categories:

1. Material Characterization: in which the objective is to determine the absorption
signature of a material under test. This could be applied to study the molecular
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structure of a material or to detect the state of a specific material using the potential
shift in its signature frequency of absorption (similar to the case of barbital, Fig.
5.2).

2. Concentration Sensing: in which the objective is to determine the concentration
of a target material in a mixture using its absorption signature. In general, the
peak absorption of the target material is a linear function of its concentration in a
mixture. This is a highly selective method of material sensing due to the fact that
each material has its own signature frequencies of absorption peaks.

In the IR frequency range, sensing the concentration of a target material using absorption
signatures has reached a sensitivity below parts-per-million (ppm). But in the THz fre-
quency range, to date, absorption spectroscopy is mostly used for material characterization
applications.

5.1.1 Conventional Setup for THz Absorption Spectroscopy

Figure 5.4 shows the conventional setup for THz absorption spectroscopy. More details
of this setup can be found in [!]. In this setup a femto-second laser is used to generate
and detect THz pulses. The optical beam is split into two parts, called probe and pump.
The probe beam passes through a translational stage to provide a relative time delay. The
pump signal illuminates the emitter in which the THz pulse will be generated. The gener-
ation of THz pulses is performed by either transient currents in a photoconductive antenna
or optical rectification in a nonlinear optical crystal. The THz pulse passes through the
sample under test and then is focused onto the detector. The time profile of the transmit-
ted pulse through the sample is compared with the reference pulse (i.e. the transmitted
pulse when the sample is absent). The frequency spectrum of the reference pulse and the
pulse transmitted through the sample are obtained from Fourier transform analyses. This
provides the spectroscopic information about the sample under investigation, including its
absorption signatures.

Although it has been extensively used for THz absorption spectroscopy during the
past few decades, the conventional setup as described has several limitations. Firstly, it
requires a large amount of material under test to achieve a measurable interaction between
the material and the THz wave. The focusing of the THz wave on the sample in a free space
configuration is limited by the diffraction limit, so the sample must have a large enough
size to have sufficient interaction with the electromagnetic wave. Secondly, the interaction
length between the beam and material sample is limited by the setup; therefore, using this
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Figure 5.2: Absorption spectrum of barbital in the THz (a), and IR (b), frequency ranges.
Form A is the original barbital, Form B is after heating at 160 °C for 30 min [22].
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Figure 5.3: Signatures of RDX in the THz frequency range and its chemical structure [3].
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Figure 5.4: Conventional THz spectroscopy setup.

setup, weak absorption signatures cannot be captured. Thirdly, achieving a high signal-to-
noise ratio (SNR) is challenging, especially due to limited source power and water vapor
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absorption lines in the THz gap. Finally, it is a bulky setup, not appropriate for many
commercial applications.

5.1.2 THz Absorption Spectroscopy using Metallic Waveguides

Waveguide-based THz spectroscopy, in which the THz signal passes through a waveguide
while interacting with the sample, has many advantages over the free space setup. Firstly, a
smaller amount of sample is required. In contrast to the conventional free space setup, in a
waveguide-based configuration the waveguide modal field distribution with sub-wavelength
features interacts with the sample; therefore, a sub-wavelength sample could interact with
the entire mode power. Secondly, since the wave is propagating inside the waveguide, a
better SNR is achievable compared with that in the free space setup.

In the THz frequency range, several metallic waveguides have been used for waveguide-
based absorption spectroscopy. In [129], a THz single wire waveguide is used for this
purpose, shown in Fig. 5.5. The test sample in [129], 1 mg of lactose powder, was dispersed
over a b5 mm long single wire waveguide. As shown in Fig. 5.5(b), there is a dip in
the amplitude of the transmitted THz signal at 530 GHz. It was possible to capture the
absorption peak of the lactose with only 1 mg of sample, while in a free space measurement,
50 mg of the same sample is required to achieve a clear absorption peak [130].

In [131], a microstrip line is used for THz absorption spectroscopy, as shown in Fig.
5.6. The sample used in [131] is lactose powder, which has beencompressed into a pellet
and then diced into a cube with dimensions of 1 mm x 1 mm x 0.5 mm. Fig. 5.6(b) shows
the measurement results presented in [131].

Both the single wire waveguide and microstrip line measurement setups required con-
siderably less of the sample substance than the free space spectroscopy setup. Comparing
the measurement results of [129] and [131], shown in Fig. 5.5(b) and Fig. 5.6, the dip in
the transmission through the waveguide around 530 GHz (the signature frequency of lac-
tose) is much clearer for the single wire waveguide than the microstrip line. There are two
reasons for this. Firstly, in the single wire waveguide most of the mode power is outside of
the waveguide, while in the microstrip case a great percentage of the mode power is in the
substrate. Therefore, the percentage of the mode power that interacts with the sample is
higher in the single wire measurement compared to the microstrip-line case. Secondly, in
the single wire case, the lactose powder is dispersed over a 55 mm long wire, while in the
microstrip case, the length of the sample is only 1 mm.

Other metallic waveguides used for THz absorption spectroscopy are parallel plate
waveguides [132, 133] and coplanar waveguides [131].
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5.1.3 Chapter Outline

The primary objective of this chapter is to investigate the performance of the proposed
SBQ THz dielectric waveguide for THz absorption spectroscopy. The test sample used for
this study is lactose powder, the same test sample used in the studies of metallic waveguides
for spectroscopy (reviewed in reviewed in Section 5.1.2).

The absorption strength of a compressed powder is different from that of an uncom-
pressed powder. For simplicity, uncompressed powder is used as the test sample in this
study. As an initial step, it is necessary to investigate the absorption of the test material,
particularly its measured absorption strength repeatability. For this, the the same mea-
surement setup and absorption extraction method are repeated multiple times. In Section
5.2, a free space setup is used to investigate the absorption signature of the test sample.
The absorption of the powder is extracted from the measurement multiple times, and the
results are presented and discussed.

In Section 5.3, the application of THz dielectric waveguides for absorption spectroscopy
is proposed and investigated. To investigative how the parameters of a waveguide affect
the interaction between the waveguide mode and the surrounding material under test, a
factor called interaction factor, is formulated in Section 5.3.1. This factor is calculated for
the proposed THz waveguides using simulations, and presented in Section 5.3.2. Then,
several devices based on the SBQ platform are designed, fabricated, and their applicability
for waveguide-based absorption spectroscopy is investigated experimentally and presented
in Section 5.3.3. The conclusions of this chapter are discussed in Section 5.4. In Section
5.4.1, the performances of the SBQ the THz waveguides and THz metallic waveguides are
compared for absorption spectroscopy applications. Then, the sensitivity limits of an SBQ
waveguide for concentration sensing of a target material in a mixture, based on molecular
fingerprints, are presented in Section 5.4.2.

5.2 Free Space THz Absorption Spectroscopy

In the conventional free space setup for THz absorption spectroscopy, shown in Fig. 5.4,
only the transmission through the sample is measurable. For accurate measurement of
the absorption of a sample under test, it is essential to calibrate the reflections from the
sample. In contrast to the conventional free space setup, a Network Analyzer provides all
scattering parameters, including reflections from the sample; therefore, a material under
test can characterised more accurately. This equipment has been extensively used in the
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microwave frequency range for this purpose. The same setup recently became available for
THz frequencies.

In [135], the setup shown in Fig. 5.7(a) was used to measure complex permittivity of
several dielectrics at the 220 to 330 GHz frequency range. In [130], a similar setup was
used to measure the real part of the permittivity of several dielectrics, up to 1.1 THz. The
measured quantities in this setup are the scattering parameters between the rectangular
waveguides, port 1 and port 2 in Fig. 5.7(a). The permittivity of the material under test
is extracted from these scattering parameters. A collimated wave, which passes through
the material under test between the two lenses [Fig. 5.7(a)], simplifies the extraction using
analytic formulas as presented in [135, 136].

Instead of the setup shown in Fig. 5.7(a), a near-field setup, shown in Fig. 5.7(b),
was used here for the free space absorption spectroscopy. The near-field setup has several
advantages:

1. In a free space setup, the dimensions of the sample under test should be large enough
in the plane perpendicular to the direction of propagation [i.e., zy plane in Fig. 5.7(a)
and (b)] in order to avoid edge scattering. In the near-field setup, Fig. 5.7(b), since
the antennas are close to each other, the beam spot size is small compared to that in
the far-field setup, Fig. 5.7(a); therefore, a large sample size in the zy is not required.
This was advantageous in our measurements due to limitation existed on the sample
size.

2. In the near-field setup, Fig. 5.7(b), the horn antennas are close to each other and
this provides a high SNR for the system, even without using lenses. A high SNR is
especially critical when using the setup for absorption spectroscopy, in which the ab-
sorption of the material under test can reach high values at the signature frequencies
(i.e., samples can be quite lossy). It should be mentioned that the samples character-
ized in [135] and [136] using the Fig. 5.7(a) setup were very low-loss, and therefore
less challenges with regard to the SNR of the system.

3. Finally, the alignment in the near-field setup is easier because no component for
wave-collimation is required.

Since the THz wave passing through the sample in the near-field setup, Fig. 5.7(b), is
not a collimated beam, it could be challenging to accurately extract the parameters of the
material under test from the scattering parameters between ports 1 and 2. In the next
section, using Gaussian mode analysis, it is shown that the absorption of the material under
test in this setup can be extracted from the scarring parameters even without a collimated
wave. Then, the accuracy of the method is investigated using full-wave simulations.
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Figure 5.7: Schematic of free space setups for material characterization: (a) long path of

collimated beam using lenses, and (b) short path without lenses.

5.2.1 Absorption Extraction Method

Waves for which the wavefront normals make small angles with the direction of propa-
gation are called paraxial waves, and satisfy the paraxial Helmholtz equation [137]. A
Gaussian beam, Eq. 5.1, is a scalar solution of the Helmholtz equation. The beam power

is concentrated within a small cylinder around the beam axis.
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in which W (z) is the beam radius and R(z) is the beam wavefront radius.

W (z) = Wo(1+ <§0>2>1/2 (5.2)
R(z) = 2(1+(2))"” (5.3)
C(2) = tan_lzio (5.4)

W, = (%)1/2 (5.5)

In Eq. 5.1, 2z is called the Rayleigh range.

The output of a horn antenna could be approximately represented by a Gaussian beam
[138, |.  Assuming the interfaces of the material under test with wave propagating
medium (air for example), are planar and perpendicular to the z-direction (Fig. 5.7(b)),
the Gaussian beam parameters will not change inside the region of the material under
test [137]. Assuming the transmission matrix between the rectangular waveguide mode,
TE\o, and the Gaussian beam at z = 2,7, as T'r, and the transmission matrix between the
Gaussian beam at z = z,, + L~ and the rectangular waveguide mode, T Eygy, as Tg, the
transmission matrix between the two rectangular waveguides can be written as:

T =TT, Tr (5.6)

in which, Ty, is the transmission matrix between the Gaussian beam at z = z! and
2 = Zy, + L~. Multiple reflections of the incident wave occur inside the material under test,
and the output from this material is the summation of all these waves. For materials under

test with low real parts of relative permittivity, these multiple reflections are much smaller
Ve —1

Ve +17
in which €, is the real part of permittivity of the material. Considering the power instead

of the field amplitude, and considering bouncing from two side walls of the material under
test, the second term in the summation series of multiple reflections is smaller than the
first term by a factor of 74, which is less than 0.012 for &, < 4). Moreover, the wave passing
through a lossy material sample makes these multiple reflections even weaker. Ignoring the
multiple reflections, based on the complex amplitude expression for Gaussian beam, given
in Eq. 5.1, Ty, can be written as (k = 8 — j§):

than the first term (Reflection from the interface between a material and air is r =

_ [Ai(z,y) As(, y; o)l @) 0

= 0 ATNa, y) Ay (2, y; @) v @) (5.7)
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in which:

W + (22402 1 - 1
M) = gy e 53)
_Q( n 12+y2 . 12+y2 )
Ap(z,ya) = e 7 HEmbET) 2R (5.9)

Ay is representative of decay in the beam amplitude from its divergence, while, A, is decay
due to the lossy material sample. All phase quantities are expressed as the e/¥@¥8) term,
altogether. At any z location, the majority of the Gaussian beam power is inside a circle
with a radius of W (z). Then, using Eq. 5.2, 5.3, and 5.5:

2?2 + 9 2+ y? 2% 4 92 W(zm+ L) L )

SR(m+ L) 2R(:%) “2R(m+ L) ~2R(em L) 2w2(W0)2 (5.10)
Therefore, if:
L(L)z <<1 (5.11)
212 W,
then As(z,y, ) can be simplified as:
As(z,y;0) = e 21 = Ay(a) (5.12)

Suppose the measurement is performed for a material with unknown absorption coefficient,
a, and a reference material with known absorption coefficient ay. Suppose the transmission
matrix between the two rectangular waveguides is T and Tg, for the unknown material
and the reference material respectively. If the real parts of the relative permittivity of both
materials are close, then the Tt and Tg, transmission matrices between the horn antennas
and the materials under test, are the same in the test of the unknown material and test of
the reference material. Therefore:

T=T:T,Tr (5.13)
To = TrTmoTr (5.14)
Then:
TTy' = Tr T TRTR' Tt Tr' = To T Tpp T (5.15)
Using Eq. 5.7 and 5.12:
—L($-2) =i (¥(z,y;8z)—¥(z,y580))
TuToly = | e ((; o eL(;—‘;O>ej(w(gy;ﬁz>—¢<x,y;ﬁo>) (5.16)

Based on Eq. 5.15, TTy"' and T, T,§ have the same eigenvalues. T and Tq are the
measured matrices, so the eigenvalues of Ty, Tphy are known. Based on Eq. 5.16, the real
part of the eigenvalues of T, T .f, are +L(5 — %). Therefore, the attenuation constant of
the unknown material, o, can be calculated.
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5.2.2 Simulation

As presented in the previous section, there are several approximations used in the absorp-
tion extraction method. To quantify the accuracy of the method, a full-wave simulation of
the actual measurement setup is required.

The test sample used in this chapter is lactose powder. A sample holder is required.
The flatness of the sample holder walls is critical to have the paraxial Gaussian beam
maintain its propagation axis while passing through the sample holder. Another important
consideration for the sample holder is that it should transparent in the frequency range of
interest (it should have low permittivity and low loss). In [110], multiple polymers have
been characterized in the THz frequency range and the results are shown in Fig. 5.8(a). As
shown in this figure, polystyrene is an extremely low loss polymer in this frequency range
and has a low permittivity (refractive indices are shown in Fig. 5.8(a)). Sample holders
from Sigma Aldrich Inc maid of polystyrene, were used, shown in Fig. 5.8(b).

Full-wave simulation of the measurement setup was performed using HFSS simulator.
The parameters of the available horn antennas for measurement were used in the simu-
lations. The structure is electrically large (distance between ports 1 and 2 is more than
61X0). To run the simulation more efficiently, the sample holder body was assigned as the
Integral Equation (IE) region in HFSS simulator. By this assignment the IE region is not
discretized volumetrically, only its surface is discretized.

Simulations were performed for two different assumption for the region inside the sample
TS NN/
Mpc

1.60 1<
< PS
1.56
PMMA

152 TOPAS®
T T 1

T T T
2 4 6 8 10
Frequency (THz)

Frequency (THz)

(a) (b)

Figure 5.8: (a) Several polymers characterized in THz frequency range [1], (b) Sample
holders made of polystyrene (PS).
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holder: a lossy material (g,, = 3 and o = 4.95 4B at f = 532 GHz) and a reference
material (e,0 = 3 and o = 0 (loss-less), at the same frequency). Fig. 5.9(b) and (c) show
the simulation results for the magnitude of the electric field over a plane which cuts the
structure in the middle in y-direction, for both material assumptions. The field magnitude
at the side walls of the sample holder which (parallel to the yz plane) is significantly smaller
than its maximum value at the center. This confirms that the sample holder is wide enough
in the x-direction to avoid reflections from these side walls. The sample holder size in the
y-direction is larger than in the z-direction; therefore, it can be concluded that the sample
holder cross section (in xy plane) is large enough to avoid scattering from the edges.

Assuming S, and Sy are the scattering parameters between ports 1 and 2 for the lossy

iy

i

Figure 5.9: (a) Free space setup; including horn antennas and sample holder filled with
the test sample, in the middle. D =9 mm, w = 8 mm, h = 9 mm, L = 4.04 mm. (b) and
(c) are the magnitude of the electric field when the sample holder is filled with the lossy
material and the reference material, respectively.
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and reference materials respectively, the following are the simulation results for these ma-
trices (the magnitudes are in dB and the angles are in degrees).

—134 <174 -27.5< 124 —-10.3 < —-165 —6.5 < 128

Se=l_o75 <120 —134<174 =1 65128 —108 < —166

Converting these scattering matrices to the transmission matrices and then using the
method presented in Section 5.2.1, loss of the lossy material was calculated as a = 5.32
%. The error in the value of the extracted loss is 7.4 %. One of the sources of error for
this particular extraction method is the Gaussian beam assumption for the output of the
horn antennas, which is valid by approximation. The other parameter contributing to the
error is the finite cross section of the sample holder in the zy plane. The amount of error
in the extracted loss calculated here is less than that presented in [135] for the 220 to 330
GHz frequency range (It should be mentioned that the materials characterized in [135] are
low-loss compared to the materials considered here, so higher tolerance in extracted loss is

to be expected).

Examining the presented method for measuring the loss of a material by more simula-
tions would be of value. However, due to the high resource requirements in this simulation
further studies could not be included here (the presented simulation for a single frequency
required 389 GB of memory and 69 hours to complete).

5.2.3 Test Sample

Lactose C1oH9011, abundant in the milk of most mammals, is an important disaccharide
used in many food and pharmaceutical applications [130]. Two anomers of lactose (a-
lactose and f-lactose) commonly exist in disaccharide powder. Fig. 5.10(a) shows the
molecular structures of these anomers and Fig. 5.10(b) shows their absorption signatures
in the THz gap. The evaluation and control of the ratio of these anomers is important
when using lactose in food and drugs because these anomers show significantly different
physiochemical properties [130]. The THz signatures of these anomers have been used to
determine the ratio of each anomer within a mixture.

The absorption signatures of lactose anomers at the THz frequency range has been

investigated in the literature [130, [41-143]. In [130], lactose powder was compressed to
form pellets with a diameter of 6 mm and the thickness of 0.7 mm for spectroscopy testing.
As shown in Fig. 5.10(b) from [130], a-lactose has two absorption peaks at 532 GHz and

1.37 THz, and [-lactose has one absorption peak at 1.19 THz.
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Figure 5.10: (a) Molecular structures of lactose anomers [130], (b) Absorption coefficient
of lactose anomers [130].
In [141], a high-resolution tunable frequency multiplication method was used to study

the a-lactose signature around 532 GHz. It was shown that the signature occurs at 532
(+ 1) GHz with a 24 (£ 1) GHz linewidth.

In this research, a-lactose powder was used as a test sample, since it has an absorption
signature around 520 to 545 GHz—the frequency range for which THz frequency extenders
and horn antennas are available (for free space measurement), and for which the proposed
dielectric waveguides were designed. In addition, the same test sample has been used in the
literature when investigating the performance of metallic waveguides for THz absorption
spectroscopy (as reviewed in Section 5.1.2). Apparently the concepts studied are scalable to

any other frequency ranges within the THz gap, wherein other materials exhibit absorption
signatures.

5.2.4 Measurement; Setup and Results

In this section, the measurement setup and results of the free space THz absorption spec-
troscopy of the test material sample are presented. The signal generated by a Network
Analyzer was upconverted to the 500 to 750 GHz frequency range using frequency exten-
der modules. The output of these modules are rectangular waveguides, W R; 5, and were
connected to horn antennas. The aperture diameter of the horn antenna is 2.4 mm, and it
has gain of 25 dB, Fig. 5.11(a). Fig 5.11(b) shows the measurement setup.

In order to quantify the strength of the lactose signature versus its concentration in a
mixture, it was mixed with polyethylene powder with different weight ratios. Polyethylene
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Figure 5.11: (a) Diagonal horn antennas for 500 to 750 GHz; (b) measurement setup used
for the free space THz absorption spectroscopy; (c¢) mixtures of lactose/PE with different
concentrations.

is very low loss in the THz range (less than 0.1 <2 for frequencies up to 600 GHz [1]).
Very fine polyethylene powder from Micro Powders Inc. (with mean particle size of 4.25 to
4.75 pm) was used as a secondary compound for the experiments. A digital weight with an
accuracy of 0.1 mg was used to measure the different weights of lactose and polyethylene,
which were then mixed manually. Fig. 5.11(c) shows the lactose/polyethylene mixtures,
prepared with different concentrations. The total weight of the powder mixture is 1 g in
all prepared samples.

Figure 5.12(a) shows the extracted absorption of the samples versus frequency for dif-
ferent concentrations. As shown in this figure, the absorption peak of the powder (at 532
GHz) increases with the concentration, and the maximum absorption value is around 12
% for pure lactose powder (100 % concentration).

For a repeatability check, the same measurement was performed independently three
times. Fig. 5.12(b) shows the absorption value at 532 GHz versus concentration for each
of these three experiments. As shown in this figure, the extracted absorption is almost a
linear function of the concentration. The absorption values of the three independent tests
are closer to each other for higher concentrations; this could be explained by the fact that
for higher concentrations, the absorption of the mixture is less affected by inconsistent
mixing of the powders (lactose and polyethylene) are not mixed properly. These graphs
verify that the uncompressed lactose powder shows the same absorption when the mea-
surement is repeated, when keeping the details of the measurement the same. It should be
mentioned that the size of the lactose powder particles are small enough compared to the
THz wavelength (less than %) to be considered as a homogeneous medium.
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Figure 5.12: (a) Absorption of lactose/polyethylene mixture versus frequency for different
concentrations; (b) Absorption of lactose/polyethylene mixture at 532 GHz versus concen-
tration, for three independent experiments.
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5.3 THz Dielectric Waveguides for Absorption Spec-
troscopy

THz spectroscopy methods were presented in Section 5.1. In that section, waveguide-
based THz spectroscopy methods and their advantages over the free space conventional
setup were discussed as well. To date, single wire waveguides, microstrip lines, parallel
plate waveguides, and coplanar waveguides have all been used for waveguide-based THz
absorption spectroscopy [129, 131-134]. In this section, the application of a THz dielectric
waveguides for waveguide-based spectroscopy is proposed. THz dielectric waveguides based
on HR-Si are very low loss compared to existing metallic waveguides, especially at higher
frequencies in the THz gap; therefore, for absorption spectroscopy applications, a very long
waveguide of this type could be used to achieve a long interaction length. Using long inter-
action lengths in waveguide-based absorption spectroscopy, would enable weak absorption
signatures to be captured as well as stronger signatures. Considering sensing applications,
longer interaction lengths would result in higher sensitivity in detection of a target material.
Moreover, advanced fabrication facilities are now available for silicon-based devices which
assures the feasibility of fabricating THz dielectric waveguides with complex structures.
In addition, as presented in Section 1.3, there has been significant advancements made
in integrating solid-state THz sources with dielectric waveguides. Therefore, dielectric
waveguides are promising candidates for fully integrated THz spectroscopy systems.
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Figure 5.13: (a) Electromagnetic wave passing through a waveguide which is immersed in
a lossy material sample.

5.3.1 Interaction Factor

In the waveguide-based absorption spectroscopy setup, a waveguide is immersed in a lossy
material under test, as shown in Fig. 5.13. In this method, not all of the modal power
interacts with the material sample, since a part of the modal field is confined inside the
waveguide and only the part of the field which is outside of the guiding region passes
through the sample. For a waveguide immersed in a lossy material [114]:

P = Pye~lawatTas)L (5.17)

in which: Fy is the input power of the electromagnetic wave, P is the output power, ayy g is
the loss of the waveguide, «; is the absorption coefficient of the lossy material surrounding
the waveguide, L is the length of the waveguide and lossy material, and I is the interaction
factor denoting the interaction between the waveguide mode and the lossy material.

The interaction factor depends on the cross section of the waveguide and the modal
field distribution. In [145], a formulation for the interaction factor is presented where
an electromagnetic wave passes through a periodic structure in free space. Although the
same formulation has been used for waveguide-based setups in some cases in the literature,
[146, 147], it will be shown in this section that this form of the factor is not sufficiently
accurate for waveguide-based cases. In this section, the Poyntings theorem is used to derive
the interaction factor in a waveguide-based setup.

Without loss of generality, consider a free standing dielectric channel waveguide, shown
in Fig. 5.13. The waveguide is assumed to be immersed in a lossy material sample. The
Poyntings theorem is applied to a cylindrical region V', enclosed by the surface S. Based
on Poyntings theorem:

P, =P, + Py + j20(W,, — W,) (5.18)

86



where, P, is the complex power supplied by the sources inside V' and P, is the complex
power exiting volume V:

1
P, = 3 /(E x H*)-ndS (5.19)
S
P, is the time average dissipated power:

— 1
Pd:—/U|E|2dV (5.20)
2 Jv

W, and W,, are the time averaged stored energies in the electric and magnetic fields. For
the cylinder shown in Fig. 2, as there is no electromagnetic source inside the cylinder,
P, = 0. W, and W, are equal in a waveguide mode [148]. In this case, the Poyntings
theorem will be simplified to:

P.+P;=0 (5.21)

In general, the integration in Eq. 5.19 should be applied over all faces of the cylinder.
Since in an ideal waveguide there is no radiation loss, the integration will be non-zero only
on the circular disks.

pe:_lRe{/ (E x H*)-idS—/ (E x H*)-zds}
2 S,;z+Az

S,z
P
=—P(z+Az)+ P(2) = —Azd (2) (5.22)
dz
1 1
= Azi {—Re/(E x H*) - édS} = —Aza—Re/(E x H*) - zdS
dz 2 S 2 S

wherein P(z) is the transmitted modal power passing through the cross section S at z,
and is given by:
P(z) = Pye™** (5.23)

wherein « is the mode attenuation constant and F, is the input power. The dissipated
power relation Eq. 5.20, can rewritten as:

o 1 Az
P, = —/o—yE|2ds/ e~ dz (5.24)
2 Js 0

Az 1 — g—0lz
/ e Y¥dz=———=Az for Az—0 (5.25)
0

«
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Also, the integration over cross section S can be divided into the integration over the cross
section of the guiding region of the waveguide, Sy, and the cross section of the material
sample, Ss. Therefore:
— 1 1
P, = Aza/a\E\QdS = Az§(awc~/ ]E|2dS+aS/ |E|” dS) (5.26)
S S S

waG

On the right hand side of Eq. 5.26, the first term is the loss of the guiding region of the
waveguide, and the second term is the loss of the material sample. Using Eq. 5.21, 5.22,
and 5.26, the mode attenuation constant will be:

Sswe |E|”dS Js. |E|*dS
owa * ~ +Us ¥ ~
Re [((E x H") - 2dS Re [((E x H") - 2dS

o (5.27)

The power absorption coefficient of the material sample, g, is related to the complex

relative permittivity as:
oy = 2koImy /e, + je,. (5.28)

If the material sample is very low loss, then:
T , &,
Ven tie /e (+i5) (5.29)

05 = WegE,, = % (5.30)

Therefore:

in which ns =, /’;—: is the characteristic impedance of the material sample. Therefore:

S L 5.31)
"Re [((E x H*)-2dS 1, Re [((E x H") - 2dS '
Using Eq. 5.17, the interaction factor I' will be:
1 E|*dsS
r Js. 1B/ (5.32)

" s Re [((E x HY) - 2dS

This relation can be converted to a more comprehensive form as follows. The total stored
energy in the material sample per unit length along the waveguide (z-direction) is:

1
W= 5/ e, | E*dS (5.33)

38



The interaction factor in Eq. 5.22 can then be rewritten as:

1 5[5 |BdS L [ie|E[dS
nses L [ie|E?dS jRe [((E x H")-2dS

(5.34)

In Eq. 5.34, the second fraction is the total average stored energy in the material sample
divided by the total average stored energy in both the material sample and the guiding
region of the waveguide, per unit length of propagation direction (z). This term can be
defined as a filling factor, representing the percentage of the modal stored energy that is
in the sample region.

_ %fs Es |E‘2d5
%f55’E|2dS

This expression can also be expressed in terms of the waveguide energy velocity, which is
defined as [1418]:

(5.35)

_ P.  1Re[{(E x H") zdS

Ven, = 5.36
w 3 JselE > ds (5:360)
Therefore Eq. 5.34 can be rewritten as:
1 1
I'= (5.37)
77588 /UETZ
Furthermore:
1 1 1
= s (5.38)

Ns€s &55 vV Hs€s
€s

where vy is the speed of light in the sample material medium. Therefore Eq. 5.37 can be
written in its most concise form as:

Vs
I'= 5.39
I (5.39)
In [115] a similar formula was derived, wherein the energy velocity, ve,, is replaced by

the group velocity, vy, for a periodic structure in free space. Although in some special
cases (including a periodic structure) vy, = v, and therefore Eq. 5.39 and the expression
derived in [1415] become identical, the rigorous expression for the interaction factor for a
waveguide is the one given in Eq. 5.39.
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5.3.2 Interaction Factor of the Proposed THz Waveguides

Based on Eq. 5.17, I'L is the multiplicand of the loss factor of the material sample. There-
fore, increasing either the interaction factor I', or interaction length L would enhance the
interaction between the waveguide mode and the lossy material surrounding the waveg-
uide. The interaction length (L) is limited by the size of the device and also the SNR of
the system; lower the loss of the waveguide a longer waveguide could be used for a prede-
fined value of SNR. Therefore, to compare the performance of the different waveguides for
absorption spectroscopy, their I' factors and losses should be considered.

Table 5.1 provides a comparison of the interaction factors of the proposed SBQ channel,
SBQ slot, and plasmonic slot waveguides, calculated at a frequency of 532 GHz using full
wave simulations and the equations presented in the previous section. Although the I’
factor of the plasmonic waveguide is more than that of the SBQ channel waveguide by a
factor of 28, and more than the SBQ slot waveguide by a factor of 7.4, it suffers from a high
amount of loss (three orders of magnitude higher than the SBQ waveguides). However, it
should be mentioned that the plasmonic waveguide could outperform the SBQ waveguides
due to its high interaction factor, in the cases of an application where the interaction length
cannot be increased due to the small amount of available material under test.

Based on the values shown in Table 5.1, the I'-factor of the SBQ slot waveguide is
higher than that of the SBQ channel by a factor of 3.89. According to the measurement
results presented in the previous chapters for these waveguides, the loss of the SBQ slot
waveguide is higher than that of the SBQ channel waveguide by a factor of 6. Therefore,
despite its low I'-factor, the SBQ channel waveguide outperforms the SBQ slot waveguide
for absorption spectroscopy applications, due to its low loss characteristic.

Table 5.1: T and f factors of the Proposed THz Waveguides (at 532 GHz).

Waveguide Type Filling Factor (f) Interaction Factor (I)
SBQ Channel Waveguide 0.023 0.09
SBQ Slot Waveguide 0.1 0.35
Plasmonic Slot Waveguide 0.76 2.6

90



5.3.3 THz SBQ Waveguides for Absorption Spectroscopy
(A) SBQ Channel Waveguide

Figure 5.14(a) shows an SBQ channel waveguide (wy = 180 pm, h = 100 pm). The vector
plot of the electric fields of the first two modes over the waveguide cross section are shown
in Fig. 5.14(b) and (c), at 530 GHz. The first mode has E, as the main component of the
electric field (£,-mode), while the second mode is an E,-mode. The propagation constants
of the first two modes are shown in Fig. 5.14(d). The cutoff frequencies of these modes are
411 and 462 GHz. The I'-factors of these modes were calculated using equations presented
in Section 5.3.1 in HFSS simulation and are shown versus frequency in Fig. 5.14(e). As the
frequency increases, the modal field distribution becomes more confined inside the guiding
channel (HR-Si region); therefore, a decrease in the I'-factor is expected, as shown in Fig.
5.14(d). The second mode has a higher I'-factor compacted to first mode.

An SBQ channel waveguide with a sample holder was fabricated. Its schematic is
shown in Fig. 5.15(a) (the sample holder for powder samples is etched in silicon with
dimensions of w X L =5 x 8 mm). There are two tapered-channel waveguides on each end
of the waveguide as the transitions between the dielectric and metallic waveguides. The
measurement setup is shown in Fig. 5.15(b). The dimensions of the W R; 5 cross section
are 381 by 191 um. Having the long side of the W Ry 5 cross section in the z-direction,
makes the manual alignment of the tapered channel waveguide to the center of the W Ry 5
challenging. The dimension of the short side of the W Ry 5, 191 um, is close to the width
of the SBQ waveguide, wy = 180 pm, so its alignment would be easier when this side is in
the z-direction. The described arrangement for W Ry 5 would result in the excitation of the
first mode of the dielectric waveguide (E,). Although the first mode has a lower I'-factor
compared to the second mode [shown in Fig. 5.14(d)], for better alignment purpose, the
first mode was used in the measurements.

Figure 5.15(c) shows Sy; measured for three cases: no material sample, sample holder
filled by 20 mg of lactose powder, and sample holder filled by 20 mg of polyethylene
powder. The waveguide was cleaned after the lactose measurement and then used for the
polyethylene measurement. As shown in this figure, the Sy; result for the polyethylene case
is very similar to that of the no material sample case; the reason being that polyethylene is
a very low-loss powder with low permittivity value in the frequency range of interest. The
So1 result for the lactose powder case shows a clear dip around 532 GHz, the absorption
signature of this powder.

Polyethylene was used as the reference material sample to extract the loss of lactose,
using a method similar to that used in the free space measurements, in Section 5.2.1. It
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Figure 5.14: (a) SBQ channel waveguide, wy = 180 pum, h = 100 um. (b) and (c) are the
simulation results for the electric field vector plot over the cross section of the waveguide,
for the first and second modes, respectively. (d) Simulation results for the normalized prop-
agation constant for the first two modes of the waveguide (kg is the free space wavenumber).
(e) Simulation results for I'-factor versus frequency for the first two modes of the waveguide.

can be described as follows. Suppose that the transmission matrix measured between the
W R 5 ports for the lactose and polyethylene cases are T and Tg respectively. Then:

T = T1TwTr (5.40)

TO - TTTmOTR (541)
in which, T is the transmission matrix from the W Ry 5 port to the SBQ waveguide mode,
at the location of the beginning of the sample holder. Tg is the transmission matrix from
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Figure 5.15: (a) SBQ channel waveguide, with sample holder and tapers at both ends
for efficient coupling from/to W R; 5 waveguide (wy = 180 pm, L = 8 mm, w = 5 mm,
silicon thickness = 100 um). (b) Waveguide-based THz absorption spectroscopy setup. (c)
Measured Ss; for three cases: no material sample inside the sample holder, polyethylene,

and lactose. (d) Extracted I'a from the measurements.

the SBQ waveguide mode, at the location of the end the sample holder, to the other W Ry 5
port. For powders with the same real parts of permittivity, Tt and Tr would be the same.

Then:
TTy' = Tr T TRTR' Tt Tr' = To T Tpp T (5.42)
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Using Eq. 5.17:

_L(Forl—awc_FaO"'aWG) —j(ﬁ_BO)L
pes _ [, y (5.43)

N'a+a I'ag+a .
O eL( 2WG ——0 2 WG)@J(/BfﬁO)L

in which g and [y are the propagation constants of the SBQ waveguide mode when im-
mersed in lactose and polyethylene respectively. ap ¢ is the attenuation constant of the
SBQ waveguide mode. « and g are the absorption factors of lactose and polyethylene
powders respectively. Based on Eq. 5.42, T, T, and TTy' have the same eigenvalues.
T and Ty are measured matrices, so the eigenvalues of TTy*, and subsequently the eigen-
values of T, T4, are known from two measurements. The real parts of the eigenvalues

of T, T are iL(F‘”QaWG — MOBO‘WG) = £LI'Y, when the absorption of polyethylene is
ignored compared to that of lactose. Therefore, from the two measurements, LI'S can
be calculated, which is linearly proportional to the absorption factor of lactose. For the

known interaction length, L = 8 mm, '« is plotted in Fig. 5.15(d).

(B) SBQ Narrowed Channel Waveguide

From dielectric waveguide theory, it is known that reducing the width of a channel waveg-
uide increases the cutoff frequency; therefore, for a fixed frequency, a higher amount of the
modal field will be outside of the guiding region. The width of the SBQ channel waveguide,
wp in Fig. 5.14(a), was swept in simulation and its cutoff frequency and interaction factor
(I') are plotted in Fig. 5.16. As shown in Fig. 5.16(a), for a smaller width of channel
waveguide, the cutoff frequency of both modes would be higher. Fig. 5.16(b) shows how
the I'-factor is higher for a smaller wy. For a wy reduced to 140 pm from its initial value
of 180 um, I'-factor increases by a factor of 1.94, and the cutoff frequency increases to 485
GHz from its initial value of 411 GHz [shown in Fig. 5.14(c)].

A tapered channel waveguide was also fabricated. Its schematic is shown in Fig. 5.17(a).
The width of the channel waveguide outside of the sample holder is w; = 180 pum for better
coupling from the W Ry 5 waveguide to the SBQ channel waveguide. The width of the
waveguide tapers down to wg = 140 pum inside the sample holder over a taper length of
L; = 1 mm. The sample holder dimensions are w x L = 5 x 8 mm, the same as for the
previous case. Fig. 5.17(b) shows the Sy for the sample holder filled by lactose powder. In
this figure, for comparison, the Sy; of the straight waveguide’s lactose powder measurement
is repeated from Fig. 5.15(c). Sg; for wy = 140 pm is noisy for frequencies below 520 GHz,
however, that is not the case for wy = 180 pum. This could be due to an increase in the
cutoff frequency of the SBQ waveguide mode for a narrower width, wy (Simulation results
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Figure 5.16: Cutoff frequency (a), and I-factor at 530 GHz (b), for the first two modes of
the SBQ channel waveguide versus channel width (simulations).

for the cutoff frequencies in wy = 140 pm and wy = 140 pum are 485 GHz and 415 GHz,
respectively).

Figure 5.17(c) shows the extracted absorption of lactose powder for both cases [using
polyethylene as the reference material and using the matrix calculation presented for the
straight SBQ waveguide, in Section (A)]. Again, the noisy result for wg = 140 pm at
frequencies below 520 GHz could be explained based on the waveguide’s cutoff frequency.

Figure 5.17(d) shows the division of the two plots of Fig. 5.17(c), %. In the
same figure, simulation results of the same quantity are plotted as well. Simulations were
performed for two different assumptions for the permittivity of the cladding region, ¢, = 1
and 3.7 (&, of the compressed lactose is below 3.7 for the frequencies up to 1.8 THz [119];
therefore, it is expected that the ¢, of the powder used in the experiments in this thesis
falls within the 1 to 3.7 range). The significant fluctuations in the measurement results
presented in this figure are due to the noisy results for the wg = 140 pum case, as can be

seen in Fig. 5.17(b) and (c).

Although the average of the measurement results is quite close to the simulation re-
sults, to reduce the error of this measurement, a longer interaction length should be used
(interaction length in the performed measurement was L = 8 mm). For a more accurate
verification of the I'-factor plot in Fig. 5.16(b), several channel SBQ waveguides with other
width values, e.g. wy = 150, 160 pm, should be fabricated and measured. These steps
towards more accurate experimental verification of the I' factor are part of the future work
of this research.
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Figure 5.17: (a) Tapered SBQ channel waveguide (w; = 180 ym, L = 8 mm, w = 5 mm,
wo = 140 pm, L;= 1 mm, silicon thickness = 100 pm). (b) Measured Sy for lactose
powder. (c) Extracted T'a from the measurement. (d) Interaction factor of the SBQ
channel waveguide, with the width of wy = 140 pm, divided by that of the SB(Q) channel
waveguide with the width of wy = 180 pm; measurement and simulation results.

(C) Spiral SBQ Channel Waveguide

As derived in Section 5.3.1, the interaction between the material sample and a waveguide
mode increases not only by I'-factor, but also by the interaction length. The interaction
length, L, is limited by two factors: 1) the SNR of the system (greater waveguide length
increases the losses and results in a lower loss SNR), and 2) size of the device. A spiral
shaped waveguide, Fig. 5.18(a), could be used to avoid a very long device, however, it
comes with the cost of added bend losses. A spiral waveguide with a total length of
29.6 mm was fabricated, with the schematic shown in Fig. 5.18(a). The measurement
setup is shown in Fig. 5.18(b). The amount of lactose and polyethylene powders used for
this measurements was increased compared to previous measurements proportional to the
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increase in the volume of the sample holder (42 mg). Fig. 5.18(c) shows Sy; measured
for the spiral waveguide immersed in the lactose powder. The S5; value at frequencies
above 550 GHz, far from lactose’s signature, is about 5 dB lower compared to that using
the straight and tapered waveguides. Since lactose is low-loss in this frequency range, this
drop in Sy is due to the increase in the waveguide loss because of the increase in its length,
and also radiation losses in the bends.

The absorption of lactose was extracted using polyethylene as the reference material
and shown in Fig. 5.18(d). I« is slightly higher for the spiral waveguide compared to that
of the straight channel waveguide, with the same width, wy = 180 pum. This is expected,
because in the bend regions of the spiral waveguide, the amount of modal field outside
of the guiding channel increases; therefore, I' factor would be higher for the bend regions
compared to the straight waveguide. In Fig. 5.18(e), 'L is shown.

A spiral waveguide with the channel widths tapered down to 140 pm and 150 pm (from
its initial value of 180 pum) were also fabricated and tested. Fig. 5.18(f) shows the I'aL
factor for all three spiral waveguides (we = 140, 150, and 180 pm). For ws = 140 pm,
the signal is noisy for frequencies below 540 GHz, compared to Fig. 5.17 (c), for which
the signal is noisy for frequencies below 520 GHz. This could be explained by the added
radiation loss of the bends and higher waveguide loss due to increased length. For w, =
150 pm, the signal is less noisy compared to the case of wy = 140 pm, which is expected
for a wider channel width.
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Figure 5.18: (a) Long spiral channel waveguide, total length of the waveguide inside the
sample holder is 29.6 mm (w; = 180 pum, L' = 15.1 mm, w' = 5.54 mm, w, = 180 pm.
All bends have angle of 90° and radius of R = 1 mm, silicon thickness is 100 pum). (b)
Measurement setup. (c¢) Measured Sy; when the sample holder is filled by lactose powder.
(d) Extracted T'ew from the measurement. (e) Extracted I'a x L from the measurement.

(f) Extracted I'ak from the measurement for spiral waveguides with widths of wy = 140,
150, and 180 pm.
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5.4 Conclusions

5.4.1 Dielectric versus Metallic Waveguides: Performance Com-
parison

In this chapter, the application of THz dielectric waveguides for THz absorption spec-
troscopy has been proposed and investigated experimentally using SBQ platform. There
have been several metallic waveguides used for the same application presented in the liter-
ature, as were reviewed in Section 5.1.2: parallel plate waveguides, single wire waveguides,
microstrip lines, and coplanar waveguides. In each of these case studies, lactose powder
was used as the test sample, but different methods for exposing the waveguide to this
powder were used (In the single wire waveguide case, the powder was dispersed over the
waveguide. In the microstrip line case, the powder was compressed and then cut into a
cubic shape. In the coplanar waveguide case, the powder was dissolved in water. In the
dielectric waveguide case, as presented in this thesis, the waveguides was immersed in the
powder). Since the strength of the absorption signature of the powder depends on the sam-
ple preparation method, final results of these case studies can not be compared directly.
However, a comparison based on the characteristics of each waveguide is presented here.

Single wire and parallel plate waveguides, although they have the greatest modal field
in free space and high interaction between the waveguide mode and sample, are not easy to
integrate with a source and detector. Moreover, parallel plate waveguides are closed waveg-
uides so mounting the sample is more challenging than the other waveguides considered
here, all of which are open waveguides.

Microstrip line and coplanar waveguides, shown in Fig. 5.19(a) and (b), are both planar
open waveguides and integrable with a source and detector. The interaction factor (T'),
derived in Section 5.3.1, was calculated for these waveguides using HFSS simulation in
the 500 to 550 GHz frequency range. It is presented in Fig. 5.19(e). The parameters and
dimensions used for these waveguides in the simulations were extracted from [131] and [134],
which proposed these waveguides for THz absorption spectroscopy applications. As shown
in Fig. 5.19(e), the interaction factor of an SB(Q) channel waveguide is in between of that
of a microstrip line and coplanar waveguide. The SBQ slot waveguide has the highest
interaction factor among the examined waveguides.

Although microstrip lines and coplanar waveguides have interaction factors in the same
range as those of the SBQ waveguides, these metallic waveguides suffer from high losses. In
Table 5.2, the measured losses for each of these waveguides in the 500 to 570 GHz frequency
range are shown. In addition, the value of the interaction factor at 530 GHz for each of
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these waveguides is shown in the table. The high losses of these metallic waveguides limit
the interaction length in absorption spectroscopy applications. Based on the values given
in this table, the dielectric waveguides outperform the metallic waveguides, mainly due to
their low-loss characteristic.
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Figure 5.19: (a) Microstrip line, w = 30 pm, h = 6 pm [131], (b) Coplanar waveguide, s
=20 pm, g = 10 pm [134], (¢) SBQ channel waveguide, w = 140 pm, h = 100 pm, (d)
SBQ slot waveguide, wg,; = 20 pm, w = 120 gm, h = 100 pum, (e) Interaction factor for
the waveguides shown in (a) to (d).
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Table 5.2: Performance of THz waveguides for absorption spectroscopy

Waveguide Type Loss (SE) Interaction Factor (I')
Microstrip line > 3 [32] 0.13
Coplanar waveguide > 4.2 [31,134] 0.24
SBQ channel waveguide 0.046 (Chapter 3) 0.18
SBQ slot waveguide 0.16 (Chapter 4) 0.35

5.4.2 Sensitivity Estimation

Sensing of the concentration of a target material in a mixture based on sensing the changes
in the mixture permittivity can be performed through sensing the changes in its real part
or imaginary part (absorption). For sensing based on the real part of permittivity, various
resonators with very high quality factor (Q-factor) have been used (such as whispering
gallery mode resonator). A change in the permittivity of the mixture results in a shift
in the very high-Q resonance. Although this method of sensing is very sensitive, it is not
highly selective; since real part of the permittivity can be changed by many parameters not
only the concentration of the target material. In contrast, sensing based on the absorption
of the mixture when the target material has a frequency signature inside the measurement
frequency range is a highly selective sensing method. Detecting an absorption peak at the
frequency of the target material signature is an indicator of the presence of that material,
and, strength of the absorption peak compared to the absorption value at frequencies far
from the signature frequency is an indicator of the concentration of the target material.

To calculate the detection limit of concentration sensing of a material with an absorption
signature in the THz gap using SBQ dielectric waveguide, several system parameters should
be known: waveguide loss, sensitivity of the detector, dynamic range of the system, and
the absorption peak of the target material. Using the measurement results for the SBQ
channel waveguide immersed in the lactose powder and the system characteristics of the
THz frequency extenders from Virginia Diodes Inc, this detection limit was calculated as
following:

The parameters given in Table 5.3 were assumed for the calculations. The first three
parameters are based on the parameters of the frequency extender modules from Virginia
Diodes Inc. Parameters 4 to 7 are based on measurement results of the SBQ channel
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waveguide presented in Chapter 3. Parameter 8 is from the measurement result of an SBQ
channel waveguide immersed in lactose powder as was shown in Fig. 5.15(d). Consider
a waveguide with a length of L contains N half-circle bends. Assume that SS; is the
drop in the signal from the source to the detector when the waveguide is immersed in the
sample. The sample is a mixture of a target material and a low-loss host material, and
the concentration of the target material in the mixture is C'. Then, using the parameters
given in Table 5.3:

S$ = —(L — 1.5N7)0.05 — 0.75N — 2 — 0.41CL (dB) (5.44)

Defining C,,;, as the minimum detectable concentration, and C,,, as the maximum con-
centration for which received signal will be above the noise floor, then:

SSmin _ 69 = 0.5 dB (5.45)

S$mer = —100 dB (5.46)

An SBQ channel waveguide with a length of L = 1 m can be packed in a 5.4 cm by 5.4
cm area, as show schematically in Fig. 5.20, in which, there are N = 18 half-circle bends
with radii of 1.5 mm. Substituting these values in Eq. 5.45 and Eq. 5.46, C,,;, and C)as
would be 0.12 % and 9.5 %, respectively. As another example, an SBQ waveguide with a
length of L = 1.5 m can be packed in a 6.7 cm by 6.7 cm area, in which, there are N =
22 half-circle bends with radius of 1.5 mm. Then, by substituting these values in Eq. 5.45
and Eq. 5.46, Cpi and Chuee would be 0.081 % (or 810 ppm) and 1.9 %. The interaction

Table 5.3: System parameters for sensitivity limits calculations

1. Source power —25 dBm
2. System dynamic range 100 dB
3. Minimum detectable signal change 0.5 dB
4. Source-waveguide coupling loss 1 dB
5. Waveguide-detector coupling loss 1dB

6. Waveguide loss 0.05 %
7. Loss of a half-circle bend (radius = 1.5 mm) 0.75 dB
8. Loss of an SBQ channel waveguide immersed in lactose  0.41 %
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Figure 5.20: Schematic of an SBQ channel waveguide with total length of 1 m in a 5.4 cm
X 5.4 cm area, using bends with radius of 1.5 mm.

factor in an SBQ channel waveguide increases by a factor of two when reducing its width
from 180 pum to 140 pum, as was shown in the previous section in both simulation and
measurement. Therefore, using the narrower waveguide, C,,;, reduces to 405 ppm.

It should be mentioned that in the presented calculations an increase in the interaction
between the waveguide mode and the sample material in the bend sections compared to the
straight sections of the waveguide has not been considered. The reason for not considering
this effect in the calculations is that the measured value of the bending loss is available
for a bend radius of R = 1.5 mm (which was presented in Chapter 3), but the measured
effect of the bends in increasing the interaction is available for bend radius of R = 1 mm.
Therefore, to consider the worst case, the mentioned effect is ignored in the presented
calculations.

The mentioned sensitivity limits were calculated based on the strength of the signature
at 532 GHz when an SBQ channel waveguide was immersed in the lactose powder, as
measured and presented in the previous section. The minimum detectable concentration
would be lower for a stronger signature, and would be higher for a weaker signature.

In terms of fabrication, the 5.4 cm by 5.4 cm and 6.7 cm by 6.7 cm devices can be
fabricated using 4 inch wafers. The fabrication process presented for the SBQ platform is
compatible with these large sizes. One challenge when fabricating such a large device is
achieving a uniform coating of BCB in the bonding process, and a uniform photoresist in
the optical lithography process.

It is worth mentioning that such long interaction lengths are impractical in a free
space spectroscopy setup due to the huge amount of material under test required and the
size of the setup. Also, it is impossible to achieve these long interaction lengths using a
planar metallic waveguide, due to their high losses. However, by using a low-loss dielectric
waveguide, a long interaction length is achievable in a few centimetres by few centimetres
device.
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Chapter 6

Conclusions and Future Work

6.1 Summary of Contributions

In this thesis, three new dielectric waveguide structures were been proposed and inves-
tigated theoretically and experimentally: a THz line-defect photonic crystal waveguide
based on SOG (silicon-on-glass) technology, THz SBQ (silicon-BCB-quartz) waveguide,
and a THz slot waveguide based on an SBQ platform. In addition, a new THz slot plas-
monic waveguide based on doped-GaAs was investigated theoretically. Then, use of each of
these waveguides within THz waveguide-based absorption spectroscopy was discussed and
investigated theoretically. THz absorption spectroscopy was investigated experimentally
based on the SBQ platform.

In Chapter 2, a novel THz line—defect photonic crystal waveguide based on SOG tech-
nology was proposed. The substrate in this waveguide is etched-pyrex, which has been
bonded to the silicon guiding channel using anodic bonding. The design, fabrication, and
measurement results for this waveguide were presented for the 500 to 700 GHz frequency
range. The photonic crystal structure of the proposed waveguide provides a suspended
platform via which other necessary components, such as resonators and couplers, can be
integrated with the waveguide. Moreover, the presented structure has high mechanical
stability and is scalable to other frequency ranges within the THz gap.

In Chapter 3, a new SBQ platform was proposed for THz low-loss integrated circuits,
and a recipe for SBQ waveguide fabrication developed. Quartz is among the lowest-loss
materials in the THz gap. However, it has a very different thermal expansion coefficient
than HR-Si and; therefore, high temperature bonding processes, such as anodic boding,
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are not applicable for bonding crystalline quartz and HR-Si. The bonding of the quartz
substrate and silicon guiding channel was performed using a thin adhesive layer of BCB, at
a lower temperature than is required by anodic bonding. The low thermal conductivity of
the quartz and BCB created difficulties in achieving a photoresist mask for silicon etching.
These fabrication challenges were resolved and fabrication and measurement results were
presented. The measured average waveguide loss was as low as 0.026 dB for the fabricated
SBQ samples, over the 500 to 580 GHz frequency range. A THz dlelectrlc bend based on
the SBQ platform was also fabricated and measured. In the presented SBQ structure, the
quartz substrate provides a platform for other components to be integrated with the waveg-
uide. The presented structure could easily be fabricated using basic cleanroom facilities.
Through fabricated and measured samples, it was demonstrated that the new technology
platform could be used to realize highly efficient and low-loss THz devices and systems.

In Chapter 4, two THz slot waveguides were investigated: a THz slot waveguide based
on the SBQ platform, and a THz slot plasmonic waveguide using doped-GaAs. The deep-
subwavelength mode sizes of these waveguides were studied, and compared (’\0 X AO and
’\0 X ’\0 for the SBQ slot waveguide and the plasmonic slot waveguide respectively, at 530
GHZ) Fabrlcatlon and measurement results of the THz slot waveguide based on the SBQ
platform for the 500 to 580 GHz frequency range was presented.

In Chapter 5, THz absorption spectroscopy based on dielectric waveguides was proposed
and investigated. A free space measurement of a test sample (lactose powder) using a Net-
work Analyzer and horn antennas was presented. Then, the interaction factor between a
waveguide mode and a lossy material sample surrounding the waveguide was formulated.
Several SBQ-based devices were fabricated and used within the waveguide-based absorp-
tion spectroscopy experiment. The performance of the dielectric waveguide within such an
application was compared with that of metallic waveguides. The low-loss characteristics of
the SBQ platform enables a very long interaction length between the waveguide mode and
the sample (1 meter or more). The long interaction length opens the possibility of: com-
pact and integrated waveguide-based THz spectroscopy for material characterization, and
concentrations sensing of materials which have fingerprints within the THz gap. Through
system calculations, it is shown that concentrations in the range of parts-per-million are
detectable using such a long interaction length.

6.2 Outlook and Future

1. Passive components based on the SBQ platform: Several SBQ-based struc-
tures were investigated in this thesis (SBQ channel waveguide, SBQ bend, and SBQ
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slot waveguide). Realizing compact THz systems based on the SBQ platform will
require other passive components, such as couplers, power dividers, and resonators.
The design and experimental study of these components would provide a deeper
insight into SBQ-based THz systems.

. Measurement setup improvement: One of the challenges of the measurement
setup used for this thesis was inserting the taper of the dielectric waveguide into
the rectangular waveguide (output of the frequency extender). Performing this step
manually frequently resulted in the breakage of the waveguide taper. A motorized
stage capable of scanning the position of the dielectric waveguide in three directions
would improve the setup. Using such a setup would not only improve the safe inser-
tion of the taper of the dielectric waveguide into the rectangular metallic waveguide,
it would increase the accuracy of the waveguide.

. Integration of active components into the SBQ platform: SBQ is a promis-
ing platform for hybrid integrated THz circuits that require a transition from a
planar off-chip waveguide to a planar on-chip transmission line for active integration.
One potential approach could be a transition between the SBQ dielectric waveguide
and a short CPW trasnmission line and then a connection to the chip through the
conventional flip-chip technique [150, 151]. These transitions have been studied at
frequencies up to 200 GHz. The scaling of these transitions to the THz range is an
area that needs to be explored further in the future.

. THz line—defect waveguide for THz sensing applications: Highly sensitive
devices based on photonic crystal structures have been studied in the optical range
of frequencies. The slow wave characteristic of the THz line—defect waveguide close to
its band-edge provides a possibility for realizing highly sensitive THz sensors based on
this type of waveguide. Of particular relevance, this slow wave structure can provide
an enhanced interaction factor for waveguide-based THz absorption spectroscopy.

. Improved characterization of the SBQ slot waveguide: Two different lengths
of the SBQ slot waveguide were used for characterizing this waveguide in this thesis.
Due to the long transitions between the metallic rectangular waveguide and the SBQ
slot waveguide in the test setup, and the fixed length of the metallic stages, the length
difference between the two SBQ slot waveguides was quite short. It is suggested that
future work be undertaken in which longer metallic stages are fabricated and a longer
length difference is used between the two SBQ slot waveguides to characterize this
type of waveguide more accurately.
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6. Waveguide-based absorption spectroscopy with long interaction length: It
was demonstrated that it is possible to use the SBQ low-loss platform for very long
interaction length. Experimental verification of the ability to conduct absorption
spectroscopy using a very long spiral SBQ waveguide would provide deeper insights
into the operational characteristics and the performance of such structure and the
resulting THz sensor.
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