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ABSTRACT
Ganti, Satya. Ph.D. Department of Mechanical and Materials Engineering, Engineering
Ph.D. Program, Wright State University, 2012. Characterization and Modeling of Laser
Micro-Machined Metallic Terahertz Wire Waveguides
Terahertz radiation, a region in the electromagnetic spectrum which lies between the
microwave and infrared, has gained considerable attention recently due to interesting
properties exhibited by materials exposed to this radiation. Dielectric materials such as
glass, paper, plastic, and ceramics that are usually opaque at optical frequencies are
transparent to terahertz radiation. This led to interesting terahertz spectroscopy and
imaging applications. Finite element method simulations of plain, tapered and
periodically corrugated metal terahertz wire waveguides have been conducted at the end
of the waveguides. This modeling was used to guide the choice of design parameters for
the fabrication of waveguides with laser micromachining. The waveguides were
characterized with a fiber-coupled terahertz time-domain spectroscopy and imaging
system. The THz pulses emitted at the transmitter excite the surface plasmon polaritons
in the metal waveguide and propagate as surface waves that are detected at the receiver.
This work involved studying the propagation properties as well as the frequency
dependent diffraction at the end of the wire waveguides. The temperature dependent
propagation properties of the waveguides have also been studied. The THz waveguide
properties propagating along the surface of the plain, corrugated and tapered wire
waveguides have been successfully demonstrated using both simulations and
experimental work.
iii
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I.

INTRODUCTION

This doctoral thesis presents the simulation, fabrication, and characterization of metal
wire waveguides for use in terahertz (THz) time-domain spectroscopy and imaging
experiments. There is a need to develop efficient waveguides for THz systems and
applications. Hence, a necessary step is to design, develop and characterize
engineered metal wire waveguides for THz based applications. In this chapter, a
general introduction to THz radiation, generation and detection techniques,
waveguides, time-domain spectroscopy and imaging, and near-field imaging will be
discussed.

TERAHERTZ RADIATION
Terahertz (THz) radiation lies between the microwave and infrared regions of the
electromagnetic spectrum and bridges the gap between electronics and photonics. 1
THz is equivalent to a wavelength of 300 µm or a time period of 1 picosecond.
Electromagnetic radiation, ranging from radio waves to gamma rays, is used in
multiple types of sensing and imaging applications. The uniqueness of the use of THz
radiation for sensing and imaging lies in its ability to be easily transmitted through
cloth, paper, plastic, and other dielectric materials. THz is strongly absorbed by liquid
water. Since the photon energy of THz radiation is very low, it is non-ionizing and
not known to cause damage to human tissue. It has been observed that the
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permittivity of all metals is negative at THz frequencies, which renders them opaque
to THz radiation. Fig. 1 shows where the THz region is in the electromagnetic
spectrum [2]. However, it was not easy to generate and detect THz radiation due to a
lack of efficient sources and detectors until the 1980’s[1].

Fig.[1-1]. Electromagnetic spectrum [2]

Different ways of generation and detection of THz radiation have been developed
over the past two decades. They are continuous wave and pulsed techniques [3]. CW
THz radiation can be generated using various approaches such as photomixers [4],
diode systems[5], and quantum cascade lasers[6]. The principle behind continuous
wave systems that utilize photomixers consists of mixing different frequencies in
either photoconductive antennas or nonlinear optical materials using laser diodes. The
THz wave that is generated is the beat frequency resulting from the two laser
frequencies. Continuous-wave (CW) systems offer good frequency resolution and
2

more optical power compared to pulsed THz systems and hence can be used for gasphase sensing measurements.

This PhD work will focus on the use of time-domain techniques for THz generation
and detection. Generation of THz radiation using time-domain techniques can be
accomplished using either photoconductive antennas[1] or optical rectification[7].
Likewise, detection is performed using either photoconductive antennas or electrooptic sampling[8]. The work here will utilize photoconductive antennas for both
generation and detection.

The generation and detection of a THz pulse starts with a femtosecond laser
producing an optical pulse train. A mode locked Ti:Sapphire laser with a center
wavelength approximately 800 nm , repetition rate of 80 MHz and 100 fs pulse width
is typically used. These lasers possess excellent pulse-to-pulse and long-term
stability, easy operability and good noise performance. These lasers are usually quite
sensitive to small changes in optical alignment and sometimes are not stable against
mechanical vibrations. Each pulse is separated into synchronized pump and probe
beams. The pump beam is used to generate the THz beam and the probe beam to
detect it.
GENERATION OF THZ
THz radiation generation using photoconductive antennas[1] typically utilize a GaAs
substrate. An antenna structure consisting of two 10 µm wide Ti/Au metal lines is
deposited on the GaAs with a separation of 100 µm. Two metal tabs extend out from
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these lines towards each other; these tabs may terminate in flat or triangular ends. The
gap between these two tabs can be as small as 5µm or as large as 100 µm. The pump
beam is focused on the antenna where it hits the gap exciting electron-hole pairs.
When a DC-bias is applied across the electrode gap, it generates a time-varying
current and thus a terahertz pulse is emitted with an average power on the order of
nano or microwatts.

Fig.[1-2]. Generation and Detection of a THz Pulse using GaAs photoconductive antenna

THz radiation generated via optical rectification utilizes a difference-frequency
generation process, in which the frequency difference is close to zero. Here, femtosecond
laser pulses are used to excite electro-optic crystals. Since a femtosecond pulse contains
many frequency components, any two frequency components result in a differencefrequency generation, and the overall result is the weighted sum of all these
contributions. ZnTe is one of the most commonly used electro-optic crystals for optical
rectification in the THz range. An advantage to this method is higher THz power than
from PC antennas [9].

4

DETECTION OF THZ
The probe beam passes through a mechanical delay line and hits the gap between the
electrodes to generate the charge carriers and the THz pulse generated at the transmitter
accelerates the charge carriers at the receiver end and a photocurrent is thus emitted
which corresponds to the complete THz pulse [10]. Detection of THz radiation can be
achieved by using a low temperature grown-GaAs photoconductive antenna to increase
carrier life time by trapping of the arsenic sites. The probe beam is directed towards the
antenna which is nearly identical to the emitter antenna after passing through a delay
stage[11]. This is accomplished by varying the optical path length traversed by the probe
beam. This optical delay is typically accomplished using a retro-reflecting mirror
arrangement mounted on a mechanical scanner. The scanner can either be a slow stepper
motor or a rapidly oscillating device such as a galvanometer. When the probe beam is
incident on the antenna gap, electron-hole pairs are created. In this case, the electric field
of the THz pulse generated by the THz source accelerates the electron hole pairs and
generates a current which is on the order of picoamperes requiring current amplification.
THz signals detected in this manner are typically small in strength thus requiring lock-in
detection, but this technique yields high signal to noise ratio.

THz radiation detected using electro-optic sampling uses the birefringence in an
appropriate crystal that is induced by an external electric field[12]. The refractive indices
of the crystal are changed by the electric field of the THz pulse. If the probe laser pulse is
incident with the induced birefringence in space and time, the polarization state of the

5

probe pulse will be altered from circular to elliptical. Among a variety of electro-optic
crystals, zinc telluride (ZnTe) und gallium phosphide (GaP) are most often used. The
sensitivity and detection bandwidth depend on the crystal thickness and the crystal’s
linear and nonlinear optical properties.

Fig.[1-3].Standard THz-TDS system

From Figure [1-3], once THz radiation is generated and detected, it is often very
important to have a high performance optical system that allows one to focus the THz
waves as close to the diffraction limited focal point with the highest possible throughput.
This is difficult due to the large spectral bandwidth; the optical system needs to be
achromatic and exhibit a flat phase response over as much of the frequency range of the
pulse as possible. A critical component that enables these features of the THz beam
6

system is the substrate lenses, which are attached to the back of the source and detector.
The substrate lens improves the coupling of light into and out of the photoconductive
antennas. These lenses are generally composed of high resistivity silicon which is
approximately dispersionless over much of the THz range.

Once the radiation has emerged from the substrate lens, a free-space optical system is
required to collimate and focus the THz beam in the region where it interacts with the
sample to be imaged or characterized. For signals with less than 2 THz of bandwidth, a
high density polyethylene (HDPE) is an excellent choice as an optical material, with very
low absorption, dispersion and Fresnel reflection losses. For applications in which broad
bandwidth is required, high resistivity silicon lenses or parabolic mirrors may be more
appropriate.

Fig. [1-4].THz time-domain pulse and frequency spectrum

7

TERAHERTZ TIME-DOMAIN SPECTROSCOPY
Terahertz time-domain spectroscopy (THz-TDS) utilizes the generation and detection of
a broadband, subpicosecond THz pulse that is generated and detected in the time-domain
as shown in Figure [1-4]. As a result, Fourier transforms of terahertz time-domain pulses
retain both the spectral amplitude and phase data allowing for the calculation of optical
parameters shown in [3]. A major advantage of THz spectroscopy is the ability to deduce
electronic properties of materials such as conductivity without the need to put any
physical contacts on the sample, making it a “noncontact” and non-destructive technique
[13].

Terahertz time-domain spectroscopy (THz-TDS) is a spectroscopic technique that is used
to study material properties using short pulses of THz radiation. A typical THz-TDS
system consists of a femtosecond laser, a computer controlled optical delay line, THz
source, detector, optics for collimating and focusing the THz beam, sample, a current
preamplifier and a digital signal processor controlled by a computer [9]. Figure [1-3]
shows a standard THz-TDS system.

A typical measurement consists of the THz pulse being reflected at the sample surface or
transmitted through the sample. This propagating pulse is compared to the reference
pulse being captured without the sample being present. The process is the same for
reflection mode except that the reference pulse will be the one that is of a bare metal. The
quantities that are generally used for analysis are amplitude, delay and fourier transform
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of the time-domain pulse. Two obvious differences between the reference pulse and
sample pulse will be the reduction in the signal strength when the pulse hits the sample
and shifting of the sample pulse due to refractive index of the sample.

The frequency dependent absorption coefficient and refractive index of the sample are
calculated using such a system. From electromagnetic theory, the ratio of the complex
THz electric field strengths before transmission through the sample (E r) and after passing
through the sample (Es) gives information about the sample under investigation. This
ratio is given by

  d ind 
Es
 T  n   exp 

Er
c0 
 2

(0.1)

where d is the sample thickness, ω is the angular frequency of radiation, n is the
refractive index of the sample, c0 is the speed of light in vacuum and T(n) is the Fresnel
reflection loss at the surface. Thus by measuring

Es
, we can obtain the frequencyEr

dependent refractive index (n) and absorption coefficient (α).

In such measurements, the electric field strength after passing through the sample is given
by,

Es  As e j

(0.2)

where As is the amplitude of the sample pulse and ϕ is the phase of the sample pulse and

Er  Ar e j

(0.3)

where Ar is the amplitude of the reference pulse and φ is the phase of the reference pulse.
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Hence, the absorption coefficient is obtained using,

  As 

/ T  n 

  Ar 


 d   20  log  

(0.4)

and the refractive index using

 nd 

 1+

c





–  .

(0.5)

Since the time-domain technique yields both amplitude and phase information, it allows
one to obtain refractive index and absorption coefficient without the need to perform any
complicated calculations.

Developments in THz systems have resulted in a number of applications such as
biological imaging[14], nondestructive testing (NDT) [15], security scanning and
wireless communication systems[16, 17]. Due to the long wavelength associated with
THz radiation, it penetrates materials such as clothing, plastic, packing materials, etc. and
hence can provide an imaging technique that yields spectroscopic information which can
be used for plastics industry [18], polymer processing for determination of glass
transition temperature [19] and many more. THz-TDS imaging systems typically use
raster scanning of the sample through the THz focus and generate full spectroscopic
information (THz waveforms) at each pixel (spatial) point. However, image acquisition
time is a concern using THz-TDS systems due to both the raster scan and the time-delay
scan. For example, to acquire a 100 × 100 pixel image, THz waveforms measured at a
rate of 20 waveforms per second will take approximately 10 min to obtain the image (size
of each pixel is determined by optical resolution of the system). THz images can be
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constructed using information based on peak-to-peak measurement, time of flight
measurement, amplitude measurement at single frequencies, integrated signal amplitude
over a specified frequency range[3, 20, 21] .

However, the limitation of THz imaging techniques is poor spatial resolution. It is not
possible to go below the diffraction limit and hence the smallest feature in the image is on
the order of the wavelength which is 300 microns. Looking at smaller objects below the
diffraction limit is not possible with conventional THz imaging. Hence, near-field
imaging is sought to look at objects with spatial resolution requirements that are below
the diffraction limit.

Fig.[1-5]. Image analysis using time-domain and spectrum plots and the image using THz time-domain and
spectroscopy and imaging system showing the contents of the laptop bag
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Near-field imaging is ideal if one wants to observe sub-wavelength size features in an
object. However, there are challenges in measuring the transmitted or reflected optical
field so close without disturbing the field and also achieving high spatial resolution that
beats the diffraction limit. There has been intensive research in this field with the
development of THz apertureless near-field scanning optical microscopes called ANSOM
[22]. This also matches the trend of designing and fabricating micro and nano structures
in the electronics industry. There are different ways to reach sub-wavelength optical
resolution using THz near-field measurements that have been developed during the past
two decades such as confocal THz microscopy[23], aperture[24], corrugated
apertures[25], waveguides[26], etc. The simplest way to increase the spatial resolution is
by reducing the aperture size of the detector system and to bring the detector close
enough to the object under investigation. In this case, the aperture can be just a small hole
in a metal. It has been demonstrated that the spatial resolution is reduced to the aperture
size [27]. All of these different approaches developed using time-domain THz techniques
to reach sub-wavelength resolution have been applied to study the beam profile [28],
metamaterials [29], plasmonics on a flat surface [30], plasmonics on a wire [31],
waveguides[32], inspection such as tip-sample interactions[33], ferro-electrics[34], nanospectroscopy[35], biological samples[36] etc. Due to the availability of the effective
terahertz sources and detectors, this technique is not too far from reaching the
commercial market.
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Due to the development of THz sources and detectors using time-domain techniques,
THz time-domain spectroscopy (THZ-TDS) has become a useful research tool in physics,
chemistry, biology, materials science and medicine[37]. However, current methods in
guiding and focusing the THz beam rely on free-space optics which limits its applications
for commercial purposes. Hence, there is a need to develop efficient techniques that can
replace the free-space optics and one of the solutions is the development of efficient and
effective waveguides. An issue with waveguides in the THz regime is that they exhibit
high loss, dispersion and poor electric field confinement. Recent developments have
shown that parallel-plate metal waveguides and metal wires exhibit low loss and
dispersion and better electric field confinement[38, 39].

Hence, there is a need to develop efficient waveguides for THz systems. In this PhD
work, the primary motive was to design, develop and characterize engineered metal wire
waveguides for THz based applications which has been successfully demonstrated.
Proving that laser micromachining processing can reliably create the micron- scale
features formed the key feature of this work. Optimal geometrical designs for the
waveguide components based on the material were attained using finite element method
simulations. Fabrication of the waveguide designs was done using laser micromachining
processes, and characterization of the waveguide was done using a THz time domain
spectroscopy and imaging system.
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THESIS OUTLINE
The remainder of this thesis is organized as follows. Chapter 2 is a literature review on
terahertz waveguides starting with a brief introduction and the discussion of various types
of waveguide geometries and materials that have been studied for low loss, dispersion
and better electric field confinement with a main emphasis on parallel-plate and metal
wire waveguides. Chapter 3 focuses on the extensive theoretical background associated
with terahertz metal wire waveguides. Chapter 4 deals with the initial work on metal wire
waveguides using a Terahertz time-domain spectroscopy system.

Data presented

includes simulations of plain and corrugated waveguides followed by fabrication using
laser micromachining, and performing experimental characterization using a THz-TDS
system and discussion of results. Chapter 5 focuses on analysis of the waveguide modes
and frequency dependent diffraction patterns exhibited at the end of the waveguides using
both the finite element method simulations and experiments using a THz imaging system.
Chapter 6 presents temperature sensitive waveguide measurements. Chapter 7 is about
conclusions and future work.
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II.

TERAHERTZ WAVEGUIDES

TERAHERTZ WAVEGUIDES
Terahertz waveguides have generated enormous interest in the recent past owing to their
applications in THz time-domain spectroscopy sensing and imaging. However, finding
the right material and geometry for such a waveguide has been the biggest challenge
since the highly transparent materials in the THz region are crystalline such as high
resistivity silicon and are expensive and fragile and hence it is not that easy to fabricate a
THz waveguide into specified geometries. Materials such as low-loss polymers or glasses
are highly malleable and possess high absorption losses within a few centimeters of
propagation[40].

Different types of THz waveguides with varying dimensions, design structures, and
materials have been proposed and tested by evaluating their properties such as loss,
dispersion, coupling efficiency etc. It is important to first briefly discuss some of the
important characteristics of these waveguides such as loss, dispersion, coupling
efficiency, modes of propagation. Loss is a measure of the magnitude that the guided
wave is attenuated per length of the waveguide, and is wavelength dependent. Loss is
typically measured in m-1 or cm-1 or dB/km (dB/m or dB/cm). For example, fused silica
optical fibers exhibit a minimum loss of approximately 0.2 dB/km at 1550 nm.
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Dispersion in the context of waveguides refers to the phenomenon when different
frequencies propagate along the length of the waveguide at different velocities giving rise
to pulse broadening and in turn loss of bandwidth. Group velocity dispersion (GVD) is
the phenomenon in which the group velocity of light is dependent on frequency or the
wavelength of light. The basic units are sec2/ m. For example, GVD in silica is + 35
fs2/mm at 800 nm and -26 fs2/mm at 1500 nm. Coupling efficiency refers to how much
of the power is transferred from free space to the waveguide.

The propagation along the length of the waveguide is due to the presence of modes
shown in Figure [2-1]. The mode is determined by the directions of the electric and
magnetic fields relative to the direction of propagation. If there is no electric field
component along the direction of propagation, it is known as a TE mode. When there is
no magnetic field component along the direction of propagation, it is known as a TM
mode. Finally, if neither the electric field nor magnetic field are along the direction of
propagation, then it is a TEM mode which is also known as the principle mode.

Fig.[2-1]. Three fundamental propagation modes of waveguides
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In this chapter, the different types of THz waveguides that have been previously studied
will be examined. It will be shown that parallel plate waveguides exhibit low loss and
low dispersion at THz frequencies with TEM mode propagation and no cutoff frequency.
Also, bare metal wires acting as THz waveguides exhibit negligible loss and no
dispersion due to less surface area being affected by the finite conductivity of the metal.
Recently, corrugated and tapered parallel plate metal waveguides have been developed in
an effort to affect better electric field confinement. However, there has been little
experimental research using corrugated (grooves) and tapered metal wires with submicron dimensions that is the principal focus of my thesis.

The remainder of this chapter discusses and compares the different types of THz
waveguides and waveguide materials previously studied and their related applications.
There are certain types of waveguides that work very well with single frequency THz
waves, but my discussion will be limited to the waveguides that are broadband in their
performance.

HOLLOW METALLIC CIRCULAR WAVEGUIDE
With the advancement in technology in THz sources and detectors, there has been a lot of
research on co-planar transmission lines which consist of metallic lines separated by a
finite width on an semi-infinite dielectric substrate to study the propagation of the THz
pulses [41]. However, it has been found that the propagation on these coplanar lines
cannot exceed 1 cm due to high loss associated with coupling. Later, Grischkowsky’s
approach was based on coupling the THz pulses into sub-millimeter circular stainless
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steel tubes used as waveguides of lengths 240 mm and 4 mm with inner diameters of 240
and 280 microns respectively using a quasi-optical approach in which the THz timedomain and spectroscopy system consisted of an optoelectronic transmitter, receiver and
optics for guiding the beam, and the sample was placed at the THz beam waist between
two parabolic reflectors. For the waveguide experiment, a lens-waveguide-lens system is
placed in the center. Hyperhemispherical silicons lens are used to focus the THz beam to
a frequency-independent (1/e) waist diameter of 200 microns. The focused THz beam is
then coupled into and propagated through the circular metal waveguide and coupled out
with the second silicon lens. It was shown that the propagation of the THz pulses
extended for few hundred centimeters without distortion [42]. They demonstrated that 40
% of the incoming THz power was coupled to the waveguide. At 1 THz, the power
absorption coefficient was 0.7 cm-1 compared to 14 cm-1 on the coplanar lines. Even at
higher frequencies (1 THz to 5 THz), the absorption was less than 0.7 cm-1, whereas the
absorption in the case of co-planar lines increases with f3. The linearly polarized THz
input pulse is coupled into three different propagation modes which were found to be the
TE11 mode with a cutoff frequency at 0.65 THz (77 % of the input pulse coupled to this
mode), the TM11 with a cutoff frequency at 1.31 THz (20% of the input pulse coupled to
this mode) and the TE12 with a cutoff at 1.81 THz (3%, of the input pulse coupled to this
mode which is weak compared to the other two).

These waveguides exhibited a very large group-velocity dispersion resulting in pulse
broadening which limits their use in time-domain applications due to reduced bandwidth
but can be employed with frequency-domain systems.
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HOLLOW METALLIC RECTANGULAR WAVEGUIDE
While the previously mentioned approach was shown to be successful as a terahertz
waveguide technique, it suffered from pulse broadening due to these waveguides
exhibiting multiple modes of propagation. With the same quasi-optical approach to
couple the pulses onto the waveguides, experiments were performed using circular and
rectangular metal waveguides [43]. Instead of stainless steel, brass was chosen to be the
material for circular and rectangular waveguides shown in Figure [2-2]. The dimensions
of the circular waveguide were 25-mm long with a 280 micron diameter. A cut-off
frequency for the brass circular waveguide at 0.65 THz was observed similar to the
stainless steel circular waveguide.

Fig.[2-2]. Hollow circular and rectangular waveguides showing the propagation direction along z

It was observed that the performance of the brass and stainless steel circular waveguides
differ qualitatively. The transmitted time-domain pulse through the waveguide was twice
as much for brass compared to stainless steel for the same input pulse. This means that
the propagation losses associated with the brass waveguide is lower than the stainless
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steel circular waveguide. However this is not always true since geometrical factors need
to be considered and in this case the shape and size of both waveguides are not exactly
the same.

It was theoretically and experimentally shown that the incoming THz pulse couples only
to the TE11, TE12 , and TM11 modes of the circular waveguides and to the TE10 and TM12
modes of the rectangular waveguides [43]. In practice, single mode propagation of the
THz pulse was not possible with these waveguide configurations. But, if the dimensions
of the waveguide and the shape and the polarization of the incoming THz pulse are
modified, it is possible to couple into the desired modes. Rectangular brass waveguides
of varying dimensions (250 µm × 800 µm, 250 µm × 250 µm, and 250 µm × 125 µm)
were used. It was observed that the reduction of the width of the waveguide decreased
the amplitude of the THz waveform. For the input pulse of 1 ps, due to the group velocity
dispersion associated with the TE10 mode, the output pulse width of 13 ps was
significantly lower than the 40ps width observed in circular waveguides which was due
to both the difference between single mode and multi-mode propagation and also due to
the dimensions of the waveguides.

Thus, it has been shown that rectangular waveguides with single mode propagation is
possible and hence these waveguides can be used in the THz time-domain spectroscopy
system for sensing and imaging. This work also developed a waveguide theory for thinfilm measurements and demonstrated a measurement sensitivity up to 50 times greater
than the single-pass reflective measurement.
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SAPPHIRE FIBER
Metal waveguides with low loss and low dispersion with single mode propagation have
been discussed. A different approach that was employed used dielectric waveguides
which do not possess any sharp cut-off frequencies unlike metal waveguides and hence
can extend the lower frequency limit of the waveguides. Dielectric waveguides have
much lower absorption/loss compared to metal waveguides, and the single mode
propagation and high coupling efficiency are better when compared to the metal
waveguides [44]. Three Sapphire fibers of length approximately 8 mm and varying
diameters of 325 µm, 250 µm and 150 µm have been investigated using a quasi-optical
approach. HE11 is the dominant single mode propagation [44]. For input pulse of 0.6 ps
duration, the three fibers exhibited pulse broadening and absorption. To be specific, it
was observed that the 325 µm fiber stretched the pulse to 10 ps , 250 µm to 15 ps and 150
µm to 30 ps and the absorption losses for the three fibers was less than 0.05 cm-1 .

PLASTIC RIBBON WAVEGUIDE
High bandwidth propagation is a primary metric for waveguide performance for timedomain THz systems and is highly demanded in the electronics industry. Since timedomain terahertz techniques provide broad bandwidth, further research was necessary in
order to develop waveguides with low loss and low dispersion. One approach was the use
of dielectric waveguides in the form of thin, wide ribbons [45]. The planar geometry of
the waveguide can be fabricated using photolithographic techniques and hence active and
passive devices including the coplanar transmission lines can be deposited onto the
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waveguide itself. These inbuilt structures can couple into and out of the waveguide. The
advantage of the THz ribbon as the transmission line or an interconnect is due to low
loss, flexibility and ease of coupling using planar or cylindrical quasi optics. The group
velocity dispersion (GVD) can be controlled by varying the dimensions (thickness) of the
ribbon.

The value of the GVD for the plastic ribbon is opposite compared to that for the metal or
fiber waveguides enabling pulse compression of the broadened pulses that exit from these
waveguides similar to dispersion compensation in optical fibers. Two plastic ribbons
waveguides of width 2 cm were made of high density polyethylene (HDPE) and
dimensions of 150 µm thick by 10mm long and 120 µm thick by 20 mm long. Both of
them were dispersive and exhibited low loss with in the bandwidth of 0.1 to 3.5 THz.
TM0 is the dominant single mode propagation observed which was confirmed by smooth
amplitude spectra with no oscillations These ribbon waveguides have found use in THz
time-domain spectroscopy studies of the surface-specific molecular absorption layers and
thin film coatings due to fringing fields of the propagating THz waves.

COAXIAL WAVEGUIDE
In continuation of research for better THz waveguides, sub-ps THz pulses were launched
on 50 ohms coaxial transmission lines with a 330 µm diameter solid copper tube filled
with Teflon containing an 80 µm diameter inner conductor [46]. These pulses were then
characterized using THz-TDS for their frequency response from 0.05 to 1 THz.
Experiments were performed using 15 mm long, 44 mm long and 105 mm long coaxial
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transmission lines. It was observed that the pulse attenuation was less than for the
coplanar lines and also the pulse widths 0.87 ps for 15 mm , 1.15 ps for 44 mm and 1.56
for 105 mm coaxial transmission lines are comparable to the coplanar lines. However,
for the frequencies below the TE11 cutoff which is 0.4 THz, the TEM mode was
prominent. This approach yielded a good TEM-THz waveguide with minimum loss and
pulse distortion.

Fig.[2-3]. Coaxial waveguide with the cross-section

AIR-FILLED PARALLEL-PLATE WAVEGUIDE
Group velocity dispersion (GVD) was an issue with the waveguides discussed so far.
Pulse broadening due to GVD will not happen for TEM mode propagation along a
coplanar line, a coaxial line, or a parallel plate metal waveguide due to there being no
cutoff frequency. Parallel plate copper waveguides of 12.6- and 24.4- mm long with a
plate separation of 108 µm have been used as effective and efficient THz waveguides
with plano-cylindrical lenses to couple the energy into and out of the waveguide [39].
Comparison of reference pulse of width 0.3 ps (with no waveguide) and propagating
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pulses of width 0.3 ps indicate that there is no group velocity dispersion and little
absorption compared to other waveguides and the smoothness of the amplitude plots
reveal it’s the single mode (TEM) propagation of the pulse. Thus, it has been
demonstrated that by choosing a sufficiently small plate separation and correct beam size
of the

Fig.[2-4]. Parallel-plate waveguide

incoming beam, it is possible to get single-TEM-mode propagation with low dispersion
with parallel-plate waveguides. This parallel-plate waveguide with undistorted THz wave
propagation due to TEM mode has been used for a variety of applications such as
spectroscopy, sensing, imaging

and signal processing etc [39].

Later, it was

demonstrated that the parallel-plate waveguide with TE1 mode propagation exhibiting
cut-off frequency that causes group velocity dispersion can also be used for certain
applications. For the TEM mode propagation, the input pulse is polarized perpendicular
to the plates and for the TE1 mode, the input pulse polarization is parallel to the plates.
Undistorted pulse propagation and low attenuation losses were demonstrated due to TE1
by pushing the cut-off frequencies to the lower frequencies which is possible by
increasing the separation between the plates [47].
24

PARALLEL-PLATE PHOTONIC WAVEGUIDE
As discussed previously, plastic photonic crystal fibers were demonstrated as an effective
THz waveguide that exhibited low group velocity dispersion [48], but the absorption
losses due to the high density polyethylene were higher than other waveguide modalities.
Coaxial lines suffered from multi-mode propagation at higher frequencies [46]. Given
these factors, THz parallel plate waveguides have received much attention due to their
TEM-mode propagation, low loss and low dispersion and good coupling capabilities.

A variant of the THz parallel plate waveguide is the parallel plate photonic waveguides
that have been used to obtain frequency filtering using photonic band gap (PBG)
structures [48]. Parallel plate photonic waveguide structures replace one of the parallel
plates. Two different structures made of aluminum were named type 1 consisting of
metal cylinder pillars of height 70 microns and type 2 consisting of metal cylinder holes
of diameter 60 microns) were fabricated on the surface of one of the parallel plate
waveguides using lithographic techniques, and the transmission properties were studied.
Two plano-cylindrical lenses were used to couple the radiation into and out of the
waveguide and copper parallel plate waveguide was used a reference. It was observed
that the Type 2 waveguide acted as an ordinary parallel plate waveguide for low
frequencies. The Type 1 waveguide is highly dispersive filtering the low frequencies.
Hence, this work showed that the air-filled metal parallel plate photonic waveguides can
be used as either narrowband –pass or narrowband-reject frequency filters.
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DIELECTRIC-FILLED PARALLEL-PLATE WAVEGUIDE
Air-filled parallel plate waveguides exhibit TEM mode propagation with no cut-off
frequency. However, obtaining the same using dielectric filled parallel plate waveguide is
still a practical concern. In this particular study, a 100 µm thick high-resistivity silicon
(Si) slab was sandwiched between two Aluminum metal plates. This waveguide exhibited
pulse broadening due to the propagation of higher order modes due to air gaps between
dielectric and metal plates and hence to solve this problem, the silicon slab was plasma
cleaned and metallized on both the surfaces by thermal evaporation of Al. Since better
contact was made between the silicon and the two plates, a clean undistorted pulse and
smooth amplitude spectrum was seen indicating the TEM mode propagation[49].

PLASTIC PHOTONIC CRYSTAL FIBER
Research has been conducted by different groups all over the world to develop a THz
waveguide that exhibits low dispersion and low loss. Han et al. demonstrated that
photonic crystal fibers (PCF) when compared to conventional optical fibers exhibit
broadband single mode operation with low dispersion at optical frequencies [50]. At
optical frequencies, silica is the building material for PCF. However, the material loss of
silica is very high at THz frequencies and hence plastics are used that exhibit low loss.
The basic guiding mechanism lies in the effective refractive index of the core compared
to the cladding. The high index core transmits broadband THz signals and the low index
core transmits narrowband THz signal.
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Plastic Photonic crystal fibers (PPCF) were fabricated using HDPE tubes which were
stacked to form a two-dimensional triangular array of tubes. The total length of the fiber
was approximately 2 cm.

Experimental analysis showed that the pulse width was

approximately 0.8 ps and the pulse expanded to approximately 5 ps after transmission
through the PPCF which corresponded to a GVD of 2 ps / THz cm at the center
frequency of 0.4 THz. The observed dispersion was due to waveguide dispersion in the
PPCF and not due to HDPE itself. The transmission loss was attributed to absorption in
the HDPE. Even though HDPE is widely used for lenses and window applications in the
THz region due to its transparency, machinability, flexibility and availability, the
absorption coefficient of HDPE varies from sample to sample. Finally, it has been shown
that THz pulses are guided efficiently using PPCF with in the bandwidth of 0.1 to 3 THz
and exhibits low loss and low dispersion. Hence finds applications for compact THz
devices especially in the frequency domain research similar to optical fibers.

SUB-WAVELENGTH PLASTIC FIBERS
Metal waveguides have been shown to exhibit the lowest losses among terahertz
waveguides. However, a simple plastic wire with sub-wavelength diameter similar to the
fiber-optic fiber has exhibited single mode low loss properties [51]. A 200 µm plastic
polyethylene wire was used for this study at a frequency close to 300 GHz. Three fiber
lengths of 17.5, 13.5, and 6 cm were employed. It has been shown that the absorption
loss of 0.01 cm-1 has been achieved with a decent coupling efficiency of about 20 % with
this plastic fiber.
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METAL WIRE WAVEGUIDES
The biggest limitation of parallel-plate metal waveguides is the propagation of the THz
pulses over a long distance. This is due to the finite conductivity of the metals or the
absorption coefficient of the dielectric materials in this region. They are bulky, not as
application flexible and mode is confined in one dimension. Hence, it has been shown
that a simple metal wire can be an effective THz waveguide. The phenomena associated
with this type of waveguide can be described as a surface plasmon polariton (SPP) in
which the terahertz light is weakly confined to the metal surface. The dominant mode of
propagation on these waveguides is radially polarized. Metal wire waveguides exhibit
low loss and dispersion and hence are used in spectroscopy and imaging applications.

Wang et al. demonstrated that a bare metal wire can be used as a THz waveguide that
exhibits negligible dispersion and single mode propagation and also low loss due to the
smaller surface area of the metal being exposed [38]. The propagation on the surface of
the metal is described as collective oscillations of free electrons formed by the metal and
a dielectric (air in this case), and this phenomenon is described as surface plasmon
polaritons. In this demonstration, a stainless steel metal wire was employed.
Experimental analysis showed that the guided mode of the metal wire is radially
polarized which is confirmed through examination of the polarity reversal of the timedomain pulse measured at the end of the waveguide. Analysis of the guided mode
propagation along several waveguide lengths showed no dispersion. The radial mode
combined with no dispersion suggests that the propagating mode to be a TEM mode
similar to coaxial waveguide and the average attenuation coefficient is less than 0.03 cm-
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1

. Thus, the metal wire waveguide shows promise for THz time-domain spectroscopy and

imaging systems by replacing the current free space optics and also in achieving good
spatial resolution.

Fig.[2-5]. Metal wire waveguide with radial polarization

The Grischkowsky group also demonstrated the propagation of surface waves along a
copper wire [52]. Due to the finite conductivity of the metal, electromagnetic waves
propagate as weakly guided surface waves along the cylindrical metal wires. The
principle mode of propagation on these wires is the Sommerfeld wave that exhibits low
loss and low dispersion while all other modes disappear after excitation due to their high
attenuation[53]. In Grischkowsky’s study, commercially available copper wires of
varying lengths and 0.52 mm diameter were employed. To understand the radial pattern
of the propagating mode, transmitted pulses at different radial distances from the surface
of a 20- cm long copper wire were measured which confirmed that THz field amplitude
showed the predicted 1/r falloff. Also, the effect of bending the wire on the guided
propagation of the metal wire has been studied which showed that the more the wire is
bent, the pulse transmission is lowered which limits the practical applications.

29

Surface waves on the metal are best described by surface plasmons which are collective
oscillation of free electrons at the metal-dielectric interface and are evanescently confined
in the perpendicular direction and hence these possess only TM polarization. The large
complex permittivity of metals at far-IR (THz) frequencies leads to negligible field
penetration into the conductor and thus highly delocalized fields and hence surface
plasmon polaritons at these frequencies are known as Sommerfeld waves [53]. For a
perfect conductor, SPP’s do not exist. However, it was shown that bound spoof SPPs can
be sustained even by a perfect conductor provided that the surface is periodically
corrugated [54].

Weakly guided surface waves on metal wires known as Sommerfeld waves exhibiting
radial mode were demonstrated using finite element method simulations by Deibel et al
[55]. Terahertz pulses propagating on the surface of the metal wire waveguides are
described as spoof surface plasmon polaritons which are collective oscillations of the
conductive electrons that possess radial polarization mode [54]. The reason Maier called
them as spoof SPP’s is because surface waves on the structured metal waveguides
resembled the behavior of surface plasmon polaritons at optical frequencies. In-depth
theoretical analysis of the Sommerfeld waves will be presented in chapter 3.
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PRACTICAL APPLICATIONS OF TERAHERTZ WAVEGUIDES
After extensive research on different waveguides with the most important being the
parallel plate metal waveguides and metal wire waveguides for low loss, negligible
dispersion, better electric field confinement and spatial resolution, practical
implementation is limited due to the wavelength of the THz radiation. Even though
Terahertz imaging is a safe and non-destructive technique, the biggest hurdle is the
spatial resolution limited by the wavelength of the THz radiation which is 300 microns at
1 THz. Hence, there has been extensive research done to develop techniques to improve
the spatial resolution [56]. X-C Zhang proposed that the near-field imaging can enhance
the spatial resolution of the Terahertz sensing and imaging systems. He demonstrated that
the resolution is determined by the size of the aperture but is restricted due to the
thickness of the metal film which is required to prevent the leakage of the THz radiation
through the film. In his work, to improve the spatial resolution he used a small physical
aperture with a diameter of 100 microns at the intermediate focus of the scanning
imaging set-up. Spatial resolution better than 50 microns was demonstrated at 0.9 THz
[27].

Nagel et al. have demonstrated that sub-wavelength resolution can be achieved using a
metallic slit waveguide. These waveguides help in increasing the field amplitudes by
confining the mode below the free space diffraction limit which is useful in sample-field
interactions in THz sensors and to achieve sub-wavelength resolution in near-field
imaging. It has been shown that high mode confinement is achieved using thin-film
microstrip lines with line widths and electrode spacings in the order of λ/100. Metallic
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slit waveguide consists of two planar metallic slabs of 300 µm thickness separated by a
270 µm wide slit filled with air exhibited loss in the range of 0.01 to 0.03 dB/mm and
negligible dispersion and most importantly compared to any other waveguides a better
mode confinement for sensing traces of sample materials and can be integrated into
compact THz devices since these waveguides are fabricated using standard Si
micromachining techniques [57].

Further research on achieving sub-wavelength resolution has shown that there is a
transition between TEM-like modes in a parallel plate metal waveguide to a plasmonic
mode in a slot waveguide with two metal plates separated by a small gap. In the THz
region, metals possess intermediate conductivity compared to infinite conductivity in the
microwave region and low conductivity at optical frequencies which gives rise to
strongly bound surface plasmons on the metal waveguides. It been observed that at low
frequencies, the energy is concentrated in the center of the waveguides which is the TEM
mode, but at higher frequencies energy is concentrated to edges exhibiting a transition in
the mode which is plasmon-like mode. This transition depends on the geometry of the
parallel plate waveguide mainly due to plate separation which usually happens in
plasmonic waveguides [58]. These types of slot waveguides which depend on excitation
of surface plasmon polaritons localized at the edges or corners help in achieving
subwavelength resolution for applications in high-resolution imaging and localized
sensing. It has been recently reported that the tapered parallel plate waveguides can be
used for confining the THz radiation to a subwavelength range better than λ/250 in the
transverse mode parallel to the surface of the plates[59]. It was also demonstrated that the
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tapered parallel plate waveguide in the reflection set-up can be used for near field
imaging with the image features of size approximately 100 microns [60].

Since surface plasmon polaritons (SPPs) play a major role in enhancing the transmission
properties of the waveguides, it is very important to understand their dispersive behavior.
It has been observed that the dispersive behavior of SPP’s on the cylindrical metal wires
where the phase velocity drops as the frequency decreases is opposite of what is usually
observed in the visible and near-infrared regions. This phenomenon is due to combined
action of skin effect and surface geometry which agrees well with Maxwell’s equations.
Experimental work revealed that the detected time-domain pulses of these cylindrical
metal wire waveguides maintain single cycle shape proving that the SPP propagation is
nondispersive. It is also observed that the propagation of SPP’s decreases with decreasing
wire length due to increased propagation loss and decreased coupling efficiency on small
wires. The electromagnetic properties of the metal play a key role due to larger skin depth
at lower frequencies. This skin effect is more prominent for the smaller wires due to
increased surface curvature and overlap of evanescent waves penetrating into the metal
[61].

Having discussed the advancements in the waveguide technology and their application in
THz field, the motivation of this thesis is to study corrugated and tapered metal wire
waveguides which has been inspired by more recent work. Maier et al. demonstrated
numerically the SPP’s propagation and focusing on periodically corrugated metal
wires[54]. He explained that the dispersion relation of SPP’s can be improved by the use
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of these periodically structured grooves on the surface of the metal wires. To achieve
sub-wavelength confinement in metal wires at terahertz frequencies, the surface structure
plays a major role than the finite conductivity of the metal. It was also experimentally
demonstrated that the periodically structured metal films exhibit better electric field
confinement and the dispersion properties of the periodically structured metal films can
be engineered by modifying the geometry of the structure[62] .

Chapter 3 focuses on the physics and mathematics associated with these wire waveguides
and understand their dynamics as a function of various waveguide parameters.
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III.

TERAHERTZ METAL WIRE WAVEGUIDES

THz metal wire waveguides have gained considerable attention in the recent past due to
their low loss and negligible dispersion at these frequencies [38] which has already been
discussed in the previous chapter. This chapter discusses the analytical theory derived
from the Goubau model to describe the propagation properties of the surface waves on
the metal wires. Formulae describing field components, loss, and their relationship to
radius of the metal wires and THz frequencies. All these analyses will be useful for
choosing appropriate metal wires for the propagation of THz pulses on the surface of the
waveguides.

Goubau’s theoretical analysis on the propagation of surface waves on cylindrical
conductors forms the major part of the calculations that are used in both the simulation
and experimental results. He described these surface waves guided on the cylindrical
conductors as Sommerfeld waves. These waves are only possible for a conductor with
finite conductivity which limits the lateral extent of the electric field from the surface of
the wire waveguide. Sommerfeld waves along the cylindrical conductor are described as
radially symmetric surface waves [53]. The coordinate system for a cylindrical metal
wire in the positive z-direction is shown in Figure [3-1].
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The components of the electric and magnetic fields of the Sommerfeld wave are :
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Fig. [3-1]. Coordinate system for a cylindrical conductor

where Er represents the radial component of the electric field, Ez is the component of the
field along the z-direction and H is the magnetic field component. ‘A’ represents
amplitude, ‘h’ is the propagation constant of the guided wave, ‘k’ is the propagation
constant of the free wave,

Z

1

and

Z

0

are the Bessel functions for the field inside the

conductor, and ‘ω’ is the angular frequency.
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k   

(3.7)

Here, the subscript ‘c’ refers to the conductor. k c and k are the free wave propagation
constants

for the conductor and for the surrounding dielectric, c and  are the

permeability of the conductor and the dielectric,  is the dielectric constant. c is the
frequency dependent conductivity of the metal deduced using the Drude model.

Upon solving the boundary conditions that Ez and Hϕ are continuous at the surface of the
conductor which is consistent for r = a, the following equations are obtained for which  c
,  and h can be determined.
1
 H 0  a 
 Z  a 
 2 1
 c c2 0 c
k H1  a 
kc Z1  c a 



 2   c2  k 2  kc2  k 2 1  j


(3.8)

c  2 c
k j
 


(3.9)

To deduce  c ,  and h from the above equations, Goubau used different approximations,
one of which is to consider that the radius of the conductor is large compared to the skin
depth of the metal (γca >> 1). For example at 1 THz, copper wire of radius 600 µm, the
skin depth of the metal is 0.07 µm . Z0 and Z1 in equation (0.8) can be replaced by,
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(3.11)

Upon approximating that the conductor radius is not too large , i.e. (γca << 1) than we can
replace H0 and H1 as,
2j
H 0 ( x)
ln(  j 0.89 x )
(3.12)

x0

H1 ( x )

2 j



(3.13)

x0
Thus Equation (3.8) is simplified to,



 2a
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ln(  j 0.89 a )  
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cot   ca   (3.14)
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where cot   c a   approaches +j since γc becomes complex. Now, Equation (3.14) can
4

be written as:
(3.15)
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The above solution yields the loss/attenuation of the wave on the surface of the
conductor. The detailed steps and the order that they need to be solved are described
below. These equations were solved using MATLAB in order to extract the numerical
and graphical solutions.
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(1) Calculate  :
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(3.18)

For copper wire with air as dielectric,
3
2

  3.27  10 af  1.70  10 a
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(3.19)

(2) Calculate  :
 ln    
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(3.20)

i

(3.21)

 
1 
1 

4  ln   1 

(3.22)

(3) Calculate  :

    j 0.89 a 

2

(3.23)

(4) Calculate k:

k  2

f
c

(3.24)

(5) Calculate h:
h  k2  2

(3.25)

The real part of ‘h’ yields the phase velocity of the wave and the imaginary part of ‘h’
yields attenuation of the surface wave.
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(6) Calculate Loss/Attenuation:

1 

0.63  sin 
 nepers / cm 
ka 2

L  2.66


a

2

 sin   103  db / 100 ft 

(3.26)

(3.27)

 2  L  

1
  log(10) 

  / cm  (3.28)
 100  12  2.54   20 

To express the loss in terms of the frequency-dependent conductivity of the metal, the
following equations are used based on the Drude model [63].
c 

0
1  i 

(3.29)
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N AZ 
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(3.33)

where a0 is the Bohr radius, n is the number density of electrons, N A is the Avogadro
number, Z is the number of valence electrons,  and m are the density and mass the of
the metal, me is the mass of the electron ,  is the Drude relaxation time, e is the charge
of the electron,  0 is the DC electrical conductivity of the metal. The above values have
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been calculated for a selection of metals for comparison in Table. [3-1] and used in the
MATLAB code for calculating the surface wave propagation on metal wires as
demonstrated by Goubau. The code can be found in APPENDIX A. The generated plots
from the code were analyzed to understand the propagation properties of the surface
waves based on different parameters.

Metal

Resisitivity(  )

Conductivity(  0 )

(10-6

(107 S⋅cm−1 )

Ohm-cm)

n ( 1022 /cm3)

 (10-14 sec)

@ Room Temp
Copper

1.676

5.96

8.47

2.498

Aluminium 2.826

3.54

18.1

0.69

Silver

1.586

6.3

5.86

3.82

Gold

2.214

4.5

5.90

2.70

Tungsten

5.510

1.8

12.6

0.5

Table .[3-1]. Resistivity, Conductivity, number density of electrons and Drude relaxation time for five
different metals

Figure [3-2] shows the loss versus conductivity calculations for 5 different metals:
Copper, Aluminum, Silver, Gold and Tungsten. It can be seen that that with increase in
conductivity, loss increases in metal wires due to the decrease in skin depth of the metals.
In Figure [3-3], it can be seen that with increase in frequency, loss increases due to less
confinement of the radial component of the electric field on the surface of the wire.
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In Figures [3-4] and [3-5], we compare the loss for copper and tungsten by varying the
radius of the wire. It can be seen that the loss increases rapidly with the decrease in wire
radius. This indicates that there exists an optimum minimal radius for the propagation of
THz wave on the surface of the wire for a specified frequency. However, comparison
between copper and tungsten loss values indicate that the loss for the tungsten wire for
different radii are higher than the copper wire which is attributed to the low conductivity
of the tungsten.

Fig. [3-2]. Conductivity dependent loss for the THz wave propagating along 0.6 mm radius of the metal
wire
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Fig. [3-3]. Frequency dependent loss for the THz wave propagating along 0.6 mm radius of the metal wire
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Fig. [3-4]. Frequency dependent loss for the THz wave propagating with varying radius of the copper wire
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Fig. [3-5]. Frequency dependent loss for the THz wave propagating with varying radius of the Tungsten
wire

As mentioned earlier in the chapter, the Sommerfeld waves along the cylindrical
conductor can be described as radially symmetric surface waves, calculations of the
radial extent of the electric field with respect to the radius of the conductor for these
metals and in specific in-depth analysis on copper has been done at different frequencies.
These calculation parameters mirror the various parameters associated with the copper
wire waveguides used in the experimental studies.

In Figure [3-6], we observe that the radial component of the electric field is stronger for
copper wire compared to tungsten. This indicates that the electric field confinement on
the surface of the copper wire is higher than tungsten. Other metals lie in the intermediate
range between copper and tungsten. Hence, these two metals are used for comparison
purposes. We also notice that the radial component of the electric field decays in an
exponential nature from the surface of the waveguide.
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Fig. [3-6]. Plot of electric field (radial) versus radial distance from the surface of the waveguide for
different metals

Fig. [3-7]. Plot of electric field (radial) versus radial distance from the surface of the copper waveguide for
different frequencies

In Figure [3-7], as the frequency increases, the radial extent of the field decreases for the
copper wire of 0.6 mm radius considered in this calculations. The reason is that at higher
frequencies the radial component of the electric field of the wire is not well confined to
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the surface. In Figure [3-8], the loss behavior of the copper wire in terms of frequency
shows that with increase in frequency loss increases rapidly however lies within 0.0024
cm-1 for frequency between 250 GHz and 1 THz. In Figure [3-9], it can be seen that the as
the radius of the wire increases, electric field confinement to the surface of the wire
decreases and vice versa. Hence for the smaller wire radius, the radial component of the
electric field possess higher values and for larger wire diameter the values are lower.
However, there exists a limit to the radius of the wire to confine the field better to the
surface of the wire with certain frequency.
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Fig. [3-8]. Loss versus frequency for the copper wire waveguide of 0.6 mm radius
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Fig. [3-9]. Loss versus different radii for the copper wire waveguide at 250 GHz

The practical application of bare metal wire waveguides is limited to very high
frequencies due to the large lateral extent of the electric field. Hence, Maier demonstrated
in his simulation work that the lateral extent of the field can be controlled by modifying
the geometry of the wire waveguides such as grooves of specific dimensions on the
surface of the wire waveguide. This aids in field confinement which is our motivation to
use corrugated metal waveguides for this research work.

Surface waves are coupled to the collective oscillation of electrons which Maier termed
as spoof SPP’s (surface plasmon polaritons) . These SPP’s help in localization and field
enhancement at the interface between a metal and a dielectric due to the large
propagation constant   k0n where k0 the free space propagation constant and n is the
refractive index of the dielectric material which leads to evanescent decay of fields
perpendicular to the interface. At THz frequencies, due to the large complex permittivity
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of metals, field penetration into the metal is negligible giving rise to highly delocalized
fields. SPP’s at these frequencies resemble a homogenous light field in air and are also
known as Sommerfeld waves as described by Goubau. SPPs disappear in the limit of a
perfect electric conductor. However, Maier demonstrated that the electromagnetic surface
waves are supported by perfect conductors that resemble SPPs if the surface is textured.
Hence, the name spoof SPPs which have wide range of applications in sensing and nearfield imaging using THz radiation [54]. Figure [3-10] shows the propagation direction of
SPPs at metal-dielectric interface.

Fig. [3-10]. SPP propagation at the metal-dielectric interface

The dispersion of spoof SPP’s can be controlled by corrugations which help in achieving
sub-wavelength confinement at terahertz frequencies.

a 2 tan 2 gh
k  g 1
d2

(3.34)

Equation (3.34) is the dispersion equation where g is the propagation constant, a is the
width of the grooves, d is the spacing between grooves and h is the depth of the grooves
given by h=R-r (R = outer radius, r = inner radius) as shown in Figure [3-11].
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Fig. [3-11]. Cross section of half of a wire where d represents the spacing between corrugations, h = R-r
represents the depth of the corrugation, and a represents the width of the corrugations

For example, different geometries of corrugations are considered. Frequency is kept
constant at 0.6 THz and outer radius of the wire, R is fixed at 100 µm. Inner diameter, r
is varied from 100 microns to 20 microns thus increasing the depth of the grooves (h). It
is expected that the group velocity of the mode will be gradually reduced as it propagates
along the wire in the direction of the reduced r. This helps in reducing the lateral extent of
the field and confine the field closer to the surface of the waveguide at the end of the wire
which is much smaller than the wavelength on the surface of the wire (wavelength = 500
microns at f = 0.6THz).

Based on the Maier’s dispersion relation, a numerical solution was obtained using
MATLAB and comparison was made using his corrugation parameters and the
corrugated metal waveguide parameters that were used in our research project. Figure [312] shows that the waveguides, which will be described in subsequent chapters, show no
dispersion until 0.6 THz with the increased confinement and low group velocity of the
spoof SPP’s on corrugated metal wires .
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Fig. [3-12]. Dispersion plots for varying corrugation parameters

The detailed calculations are included in the MATLAB code in APPENDIX B. Lare
variation in ‘d’ between Maier’s work and our corrugated waveguides is due to
fabrication constraint that 250 µm was the optimum spacing attained. Since metal wire
waveguides exhibit low loss and negligible dispersion, they are useful in guiding and
focusing the terahertz radiation. Hence it is very important to understand how efficiently
we can couple the terahertz radiation from free space to the surface plasmon polarition on
the metal wires and from this back to the free space. Also to understand the electric field
confinement on the surface of the metal wire, it is necessary to analyze the radial extent
of the electric field at the end of the waveguide. This PhD work involves in successfully
examining these parameters using our laser micro machined plain and corrugated wire
waveguides for the development of THz waveguide systems.
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IV. PLAIN AND CORRUGATED THZ METAL WIRE
WAVEGUIDES
This chapter provides details on the design, fabrication, and characterization of THz
corrugated and plain metal wire waveguides. Finite element method simulations of
periodically corrugated metal terahertz wire waveguides were conducted with concurrent
analysis done on both the near-field confinement properties and the far-field emission
properties at the end of the waveguides. This modeling was used to guide the choice of
design parameters for the fabrication of waveguides with laser micromachining. The
waveguides were then characterized with a fiber-coupled terahertz time-domain
spectroscopy and imaging system. The propagation properties as well as the frequency
dependent diffraction at the end of the wire waveguides were examined and compared to
straight, non-engineered metallic wire waveguides.

This work is the first combined simulation and experimental characterization effort
involving laser micro-machined periodically corrugated metallic terahertz wire
waveguides[64, 65]. This effort consists of three different stages. First, finite element
method simulations were performed in order to analyze the optimal corrugation
parameters such as wire diameter, periodicity, and aspect ratio (width to depth) of the
corrugations in order to assess their impact on waveguide properties such as loss and
electric-field confinement.
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Second, using the chosen design parameters, the modeled metal waveguides are
fabricated using a laser micromachining process. Third, the periodically corrugated
waveguides are characterized using a THz time-domain spectroscopy and imaging
system. In the following sections, detailed descriptions of all three stages of this work are
provided and the results are discussed.

FEM SIMULATIONS OF PERIODICALLY CORRUGATED WIRE WAVEGUIDES
Finite element method (FEM) simulations were performed so as to influence the
fabrication/machining parameters of the corrugated wire waveguides.

The FEM

simulations were run on a Linux platform with 64 GB of RAM using the COMSOL
Multiphysics commercial software package. In order to maximize the simulation domain
without sacrificing spatial resolution, an axial symmetry geometry was utilized, reducing
the simulation domain from 3-D to 2-D. The axial line of symmetry was designated as the
central axis of the wire waveguide which had a 0.6 mm radius and was 7 cm long. The
entire simulation domain was 9 cm long and 1.5 cm wide. Air sub-domains that
surrounded the side and end of the waveguide were terminated and surrounded with
absorbing sub-domains, known as perfectly matched layers (PMLs). The THz beam
emitted at the end of the wire waveguide propagated through 1.5 cm of air prior to being
incident on the PML. The boundaries between the metal waveguide and surrounding air
were set to a transition boundary condition which allowed for the definition of the
frequency-dependent complex skin depth of the metal.
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The radially polarized excitation field was placed at the beginning of the waveguide and
defined using equations derived by Goubau for the propagation of a Sommerfeld wave
along a metal wire, shown below [53],
h
Er  jA exp  j t  hz   Z1  r 


(4.1)

Ez  A exp  j t  hz   Z0  r 

(4.2)

where the propagation constant of the guided wave is denoted as h while the free-space
propagation constant is k. The variable, γ, is related to both of these constants such that

 c2  kc2  h2  c c  exp   j 2  h 2 (4.3)
 2  k 2  h2   2  exp   j 2  h 2

(4.4)

where the subscript c refers to the interior of the metallic waveguide. The variable, γ, is
found analytically as described by Goubau. Z0 and Z1 are Bessel functions inside the
metal and Hankel functions on the outside. For the simulations of straight, “plain,”
copper wire waveguides, a waveguide mode was excited and allowed to propagate over
the entire 7 cm extent of the wire. However, for simulations of corrugated waveguides,
the first 2 cm of each wire was straight and the periodic corrugations were only present
over the last 5 cm of the waveguide. This approach yielded a more controlled study of
corrugated versus straight wire waveguides. Since each and every simulation result
contained the same excitation field and common first 2 cm of waveguide, comparative
analysis of the THz electric-field at the end of each type of simulated waveguide was
relatively independent of coupling efficiency.
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Parameter inputs for these simulations included the wire radius, frequency-dependent
complex conductivity, corrugation parameters, and the frequency of the propagating
wave. The simulations were conducted in the frequency domain using approximately 1.4
million mesh elements which was more than sufficient to resolve the radiation
wavelength. Parameters such as corrugation width, depth, and spacing were varied in
order to select optimal geometries that minimized the radial extent of the electric field
and to also minimize the waveguide loss (Figure [4-1]). The choice of simulation
parameters were guided by the limits of what could be efficiently fabricated, with
machining time and cost being factors. A wire radius of 0.6 mm was selected as it was
easily acquired and could withstand both the mechanical and thermal stresses of the laser
micro-machining process.

S

D
W

Fig. [4-1]. Cross section of half of a wire where S represents the spacing between corrugations, D
represents the depth of the corrugation, and W represents the width of the corrugations

Fig.[4-2].(a) 0.6 mm radius plain copper wire waveguide, (b) 0.6 mm radius copper wire waveguide with
corrugations that are 30 µm wide, 70 µm deep, and 250 µm spacing
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Simulations were initially performed at 250 GHz, as it was the frequency for which the
time-domain THz spectroscopy system was at its strongest.

For the simulation

parameters, the corrugation width was varied between 10 µm and 30 µm, depth between
50 µm and 150 µm, and spacing between 50 µm and 950 µm. The dimensions chosen
for fabrication purposes, based on simulation work and analysis of laser machining
capabilities, were found to be 30 µm, 70 µm and 250 µm for corrugation width, depth,
and spacing. This is in comparison with Maier’s simulation work where he proposed that
the corrugations have a width of 10 µm and varying depths from 15 µm to 80 µm and
spacing on the order of 50 µm which showed very strong electric-field confinement at 0.6
THz and 1 THz [54].

FEM simulation results are shown in Figure [4-2]. The plots depict the radial component
of the electric field at the end of both a plain copper wire waveguide and a corrugated one
where the base radius of each was 0.6 mm. The simulated corrugation parameters were
70 µm depth, 30 µm width, and 250 µm spacing. While qualitative analysis of Figure [42] does indicate that the THz electric-field confined to the corrugated waveguide
possesses a higher magnitude than for that of the plain wire waveguide, a more
quantitative analysis was required. It should be noted that these simulation results showed
the same diffraction of the THz wave at the end of wire as described previously [66].
Figure [4-3] shows such an analysis in which the radial electric-field is plotted versus
radial distance away from the waveguide surface taken at the end of the waveguide for
various waveguide configurations. The first two waveguide configurations correspond to
those depicted in Figure [4-2], WGD1 and WGD2 respectively, while the latter two,
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WGD3 and WGD4, correspond to corrugation parameters more close in line to that
proposed by Maier and co-authors [54].

17500

Plain Cu Waveguide (WGD1)
Corrugated Cu WGD2 (D = 70 m, W = 30 m, S = 250 m)
Corrugated Cu WGD3 (D = 100 m, W = 30 m, S = 50 m)
Corrugated Cu WGD4 (D = 100 m, W = 10 m, S = 50 m)
All waveguides have a base radius of 0.6 mm.
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Fig. [4-3]. The electric-field (radial component) at the end of 0.6 mm radius waveguides (250 GHz) for
various simulation parameters, highlighting both the magnitude and lateral extent of the THz field
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Corrugated Cu WGD3 (D = 100 m, W = 30 m, S = 50 m)
Corrugated Cu WGD4 (D = 100 m, W = 10 m, S = 50 m)
All waveguides have a base radius of 0.6 mm.

0.6
0.4
0.2
0.0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Radial Distance from Waveguide (mm)

Fig. [4-4].This is the same data plotted Figure [4-3], but normalized, such that the lateral extent of the THz
field from the end of each waveguide is better compared
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In comparing the 4 configurations, the electric-field magnitude at the end of the
waveguide for the case of WGD2 (D=70 µm, W=30 µm, S=250 µm) is significantly
higher than that for the plain wire and the other two corrugated ones. This increased
propagation along the corrugated waveguide WGD2 as compared to the plain waveguide
WGD1 was fairly consistent at simulated frequencies up to 750 GHz. The ability to
conduct simulations at higher frequencies was limited by the fact that mesh element size
requirements increase with simulation frequency. Hence, for any given model, as the
frequency simulation increases, so does the amount of mesh elements required.

Upon initial examination of Figure [4-3], it would seem as if the WGD2 configuration
exhibits poorer lateral field confinement as compared to the others including the noncorrugated plain wire. However, this is not true as Figure [4-3] compares both the field
magnitude and confinement of all 4 waveguide configurations. Figure [4-4] is a better
representation of the field confinement as the electric-field magnitudes are normalized. It
can be seen from this plot that the field-extent for all three corrugated waveguides is
lower than that for the plain wire. WGD3 and WGD4 correspond to waveguides with
corrugation parameters that have smaller widths, depths, and spacing than that for
WGD2, thus it is not surprising that the field-confinement for these waveguides is better
than that for WGD2. However, the WGD2 configuration seems to strike a balance
between loss and confinement by providing higher electric-field confinement than the
other two corrugated waveguides (WGD3 and WGD4) and also providing improved
lateral-field confinement as compared to the standard plain wire waveguide. A valid
figure-of-merit in comparing the WGD2 configuration to the simulated performance of
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the plain wire waveguide is calculated by integrating the radial component of the electricfield (as depicted in Figure [4-3]) versus the radial distance from the waveguide surface
out to 1 mm. The integration value for the WGD2 configuration is approximately 1.7
times larger than that for the plain wire waveguide. As the WGD2 corrugation parameters
were compatible with laser micromachining capabilities, these were selected for
waveguide testing.

Before proceeding with waveguide fabrication details, it is prudent to discuss the
implications of the chosen corrugation parameters in terms of dispersion, loss, and
electric-field confinement in light of previously completed modeling and numerical
studies [54, 67]. Shen et. Al advanced Maier’s work by incorporating finite conductivity
into their calculations in order to assess the impact of corrugation parameters on
waveguide performance. This resulted in concluding that as the corrugation width and
depth increased, both loss and electric-field confinement increased. In addition, loss also
increased with decreasing wire radius. Based on our FEM simulation data and dispersion
calculations and comparison to the cited work, our choice of wire radius and corrugation
parameters offer a compromise in that the choice of a large wire diameter, limited
corrugation depth, and large corrugation spacing will enhance the electric-field
confinement as compared to a plain wire waveguide but also not suffer high losses as
would be seen with corrugation parameters as suggested by Maier.
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LASER MICRO-MACHINING
The corrugation features of the waveguide had to be machined onto the wire without
generating heating or mechanical damage that could results in warping or a loss of the
backbone strength of the wire. The copper waveguide components constructed were 4.56 inches in length with a diameter of 1.2 mm. Copper was selected because of its
excellent conductivity, low cost and ease of processing. The copper wire was
mechanically cold worked and stretched so that an acceptable 6 inch long segment of
straight rigid wire could be formed. The copper wire segment had to be straight enough
to rotate true down its length as any curvature or wobble would affect the machining of
the corrugation. The corrugation cuts were made all the way around the circumference of
the wire and periodically spaced down the waveguide.

The targeted width of the

corrugations was 20 to 30 microns, with depths varying between 60 and 70 microns. The
periodic spacing was set to 250 µm due to the machining time required for any spacing
less than this.

Fig.[4-5]. A schematic of the laser micromachining processing station (left) and laser
micromachining of the periodic corrugations on a copper waveguide (right)
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Fig. [4-6]. (left) Corrugations spaced every 250 µm along a copper waveguide, (middle) a backlit
image illustrating the fine cuts in the wire and (right) a 500x magnification image showing clean
machine cuts with no residual recast is present

Laser micromachining was utilized to fabricate the waveguides. Laser micromachining
offers advantages over contact mechanical material removal for these components. Both
nanosecond and picosecond pulse duration lasers were evaluated for the waveguide
fabrication. Nanosecond lasers (355 nm wavelength) on average will remove more
material per pulse than picoseconds lasers (1064 nm wavelength), but at the expensive of
heat damage and greater recast on the cut edge due to the thermal heating. An advantage
for the picosecond laser systems is that the non-thermal ablation process leaves a cleaner
surface with minimal recast after machining and imparts less heat into the part during
machining. It was found that the nanosecond system left an elevated recast rim on the
corrugation cuts whereas the picosecond laser left the surface with a thin film of ablation
dust that could be easily removed during a post-process ultrasonic cleaning rinse.
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The development corrugation cutting process merged the modeling data with
experimental laser cutting data in order to ensure that the geometry predicted by the
modeling data could be fabricated. The corrugation channels were cut with an inlet width
of 25-30 µm while the periodic spacing was maintained at 250 µm center to center. The
spacing of 250 µm was chosen as it would allow an investigation into how well the
corrugations confirm the electric field without resulting in long processing times for
preliminary testing components. Waveguides were produced with a cut depth of 60-70
µm. Following fabrication, corrugated waveguides were compared to baseline straight
wires using a THz time-domain spectroscopy and imaging system.

CHARACTERIZATION OF LASER MICRO-MACHINED METAL WIRE
WAVEGUIDES
The laser micro-machined terahertz corrugated metal wire waveguides were
characterized using a THz time-domain spectroscopy and imaging system in order to
examine their propagation characteristics as well as frequency dependent diffraction at
the end of the waveguides. The experimental set-up shown in Figure [4-7] consists of a
mode locked Ti:Sapphire laser with center wavelength of approximately 800 nm and 100
fs pulse width which was used to generate and detect the THz pulses using fiber-coupled
GaAs photoconductive THz antennas. In a standard transmission configuration, a signal
strength of 1500-2000 a.u. with a bandwidth between 0.1-4 THz is typically observed.
The THz transmitter and receiver were placed on opposite ends of the waveguides and
were manipulated using three-axis translation stages to control the position relative to the
waveguide. HDPE flats were used to support the waveguides, The measurement approach
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consisted of focusing THz pulses from the transmitter onto a sub- wavelength coaxial
aperture (plasmonic lens) which coupled the linearly polarized THz radiation to the radial
mode on the surface of the wire waveguide [68]. The “plasmonic” lens consisted of a set
of 10 concentric gold rings 1 mm wide with 1 mm spacing placed on a 0.5 mm quartz
substrate.

Fig.[4-7]. Experimental set-up for waveguide characterization

The THz receiver was placed such that the THz pulse was detected after it had
propagated along the length of the waveguide. As the detector was fiber-coupled, it was
easily repositioned allowing the field emitted at the end of the waveguide to be spatially
characterized. The system was also constructed such that the transmitter and the detector
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were oriented in a cross-polarization condition to make sure that in the absence of the
plasmonic lens and the wire waveguide, no THz radiation was detected.

Figure [4-8] depicts the initial analysis of the time-domain and frequency-domain field at
the end of the blank (0.6 mm radius and 10 cm long) and corrugated metal wire (0.6 mm
radius, 10 cm long , W=25-30 μm, D=60-70 μm, S=250 μm) waveguides placed 1 mm
away from the detector end. While the length of the characterized waveguides was longer
than those that were simulated, all other dimensions of both the plain waveguide and the
corrugated waveguide are similar to what was simulated. The experimental corrugation
parameters are similar to what was designated as WGD2 in the simulation section. As
with the simulation work, the first few cm of the corrugated waveguide was left nonmachined. This insured that for the characterization of both the plain and corrugated
waveguides that the efficiency of coupling the THz radiation onto the wire was
approximately the same in each case. This meant that any comparison of the THz light
emitted from the end of each waveguide was a function of whether or not the surface of
the wire had been engineered or not.

It can be seen from the time domain plots in Figure [4-8] that the THz electric field
detected approximately 15 mm from the end of the corrugated waveguide exhibited an
increased amplitude as compared to the plain copper one. The peak-peak field strength at
the end of the corrugated waveguide was approximately 1400, while at the end of the
plain waveguide it was 600.

In addition, frequency domain plots indicate that the

corrugated waveguide bandwidth performance was approximately 1.5 THz compared to 1
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THz of the blank waveguide. It should be noted that the setup depicted in Figure [4-7]
was evaluated with no waveguide in place. Despite scanning the receiver over large spans
of distance along both the x,y, and z-directions, there was no detected THz signal if a
waveguide was not in place. One method of verifying that the waveforms measured at the
end of the waveguides are in fact the result of guided propagation is to analyze the signal
detected at the end of the wire at two opposite sides of the waveguide. Since the
waveguide is radial in nature, a polarity flip should be seen between the two time-domain
pulses measured at opposite lateral sides of the waveguide. This polarity flip was seen for
both the plain copper wire and the corrugated wire waveguide.

Fig.[4-8]. a. Time-domain (left) and b. frequency-domain (right) plots comparing the THz field at the end
of a plain Cu waveguide (0.6 mm radius) and that at the end of a Cu copper waveguide (W=25-30 μm,
D=100 μm, S=250 μm)

It is worth noting that while the simulation work did indicate increased propagation along
the corrugated wire as compared to the plain one, it predicted this over over a wide band
of frequencies. Inspection of Figure [4-8] b, shows that the spectral amplitudes at 250
GHz detected at the end of both types of waveguides are quite close. At frequencies
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above 400 GHz, the detected THz field at the end of the corrugated waveguide was
significantly higher than that from the plain copper wire waveguide. The reason for this
discrepany between simulation and experimental results is tied to two key notions. First,
analysis of the simulation data, as shown in Figure [4-3], examined the electric field at
the very end of the waveguide, where it was still coupled to the metal. Experimental
measurements were taken at positions near the end of the waveguide. In order to truly
characterize a metal wire waveguide, it is necessary to consider the frequency-dependent
diffraction exhibited as the terahertz radiation couples back into free-space at the end of
the wire.
FREQUENCY DEPENDENT DIFFRACTION ANALYSES
It was reported previously that THz radiation emitted at the end of metallic wire
waveguides exhibited frequency-dependent diffraction [66]. More specifically, the
expanding cone-shaped spatial profile of THz radiation emitted at the end of the
waveguide was strongly frequency-dependent. For higher frequencies, the diameter of the
“cone” is smaller than that for lower frequencies. The discrepancies between the FEM
simulation results shown in Figure [4-3] and the experimental data seen in Figure [4-8]
can at least be partially attributed to this frequency dependent diffraction. The two timedomain waveforms depicted in Figure [4-8] were acquired at approximately the same
spatial point relative to the end of each type of waveguide. In order for it to be possible to
assess the performance of each type of waveguide, i.e. plain versus corrugated, a direct
comparison of the two time-domain waveforms would only be valid if it was assumed
that each waveguide exhibited similar frequency-dependent emission/diffraction at the
waveguide ends.
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Additional simulation work and preliminary experimental characterization efforts were
conducted to see if such an assumption could be made. The FEM simulation depicted in
Figure [4-3] showed the radial component of the electric field at the very end of each type
of wire waveguide at a simulation frequency of 250 GHz. The FEM models were further
utilized to predict the far-field component. Plots of the radial component of the electric
field along the lateral direction perpendicular to the waveguide propagation axis were
taken in 0.5 mm increments from the end of the waveguide out to 1.5 cm. For each z-axis
set of data, the location along the r-axis of the maximum electric-field amplitude was
determined. Figures [4-9] and [4-10] are plots of the z-axis location versus the r-axis
location for simulated frequencies of 250 and 300 GHz respectively. Each data point
locates the coordinates of the maximum electric-field amplitude. The data was then fit
with a simple 2nd order polynomial fit which was extended to further distances away from
the end of the waveguide. Both Figures [4-9] and [4-10] show that for the diffraction
cone diminishes in diameter at higher frequencies. More importantly, both plots show
that the diameter of the diffraction cone emitted by the corrugated waveguide is less than
that for the plain waveguide. Simulations at higher frequencies than those showed here
were not conducted due to limitations introduced by higher mesh density requirements
associated with higher frequencies such that the workstation utilized in this work did not
possess the required computational compatibility.
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As it is very difficult to directly measure the lateral extent of the THz electric field when
it is confined to the waveguide, these simulations of the far-field emission patterns from
the waveguides are important. The simulations model the guided mode propagation along
the THz wire waveguides and how the THz waves are coupled back into free-space. Any
verification of the far-field frequency-dependent diffraction simulations via experimental
characterization could be seen as in-direct confirmation of the simulated lateral electricfield confinement along the waveguide. As part of the comprehensive waveguide
characterization, experimental measurements of the frequency-depedendent diffraction
were undertaken. Measurements were performed by varying the propagation distance (z)
at the end of the waveguide with respect to the detector. Six different data sets were taken
with (z) increments in 2.5 mm steps ranging from distances of 13 to 25 mm away. At
each z position, the detector was swept along the radial distance (x) away in 1 mm
increments for 25 mm while the time-domain waveforms were captured.
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Fig.[4-9]. Plot of the simulated frequency-dependent diffraction in which the location of the maximum
electric field amplitude is plotted as a function of position relative to the end of the waveguide at a
frequency of 250 GHz
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Fig.[4-10]. Plot of the simulated frequency-dependent diffraction at a frequency of 300 GHz
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Fig.[4-11]. Experimental data plotting the spectral amplitude at 250 GHz as a function of radial distance at
a position of z=13 mm away from the end of the waveguide
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Fig.[4-12].Experimental data plotting the spectral amplitude at 300 GHz as a function of radial distance at a
position of z=13 mm away from the end of the waveguide

Figures [4-11] and [4-12] summarize the results of these diffraction measurements. Both
are plots of the spectral amplitude at the specified frequencies versus radial distance at a z
distance 13 mm away from the end of the waveguide. In order to aid visualization, the
data was fit with a Gaussian peak-fit. The experimental data contradicts the simulations
results. The FEM model predicted that the diffraction cone emitted by the corrugated
waveguide would have a smaller diameter than that emitted by the plain wire waveguide.
For both frequencies shown here, the situation is reversed such that the diffraction cone
for the plain wire waveguide is smaller than for the corrugated waveguide. This was a
consistent trend over the entire data set for other spectral frequencies and for other zdistances.
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In the past, FEM simulation data has been used to verify frequency-dependent diffraction
at the end of wire waveguides. The discrepancies between the experimental data and the
simulation work can be explained when errors associated with the characterization setup
can be considered. The data shown in Figures [4-11] and [4-12] were taken at z = 13 mm
away from the end of the waveguide. Additional data was taken out to z=25 mm.
Examination of Figures [4-9] and [4-10] show that the expected separation between the
two diffraction cones would be less than 0.5 mm in both cases. This was well below the
spatial resolution capabilities of the photoconductive receiver assembly used in these
measurements as incident radiation was coupled to the receiver using a f# 2 lens. In order
for these type of validation approach to be successful, detection and mapping of the
diffraction cones will need to take place at larger distances away from the waveguide. At
the time of this experimental effort, it was not possible to move the receiver assembly
more than 25 mm away from the end of the waveguides. Future work and setup will be
able to accomplish and will include actual imaging of the frequency-dependent
diffraction cones emitted at the end of plain and corrugated wire waveguides.

SUMMARY
For the first time in the reported literature, a comprehensive effort focused on the
modeling, fabrication, and characterization of periodically corrugated metal terahertz
wire waveguides was accomplished. Finite element method simulations were used to
study the influence of corrugation parameters such as the width, depth, and spacing, on
propagation and electric-field characterization characteristics and compared to such for
plain metal wire waveguides. Corrugation parameters were selected based on
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considerations of the simulation results as well as issues associated with the machining
including system capabilities and time constraints. Corrugated wire waveguides were
fabricated using advanced laser micromachining systems and techniques. Both corrugated
and non-machined copper wire waveguides were integrated into a time-domain terahertz
system for testing. The THz radiation detected at the end of the corrugated waveguide
showed overall improved signal amplitude and increased bandwidth as compared to that
for the non-machined waveguide. Further, FEM simulation results indicated that the
presence of the periodic corrugations would alter the frequency-dependent diffraction
emitted at the end of the wire waveguides. However, attempts at confirming this effect
experimentally were inconclusive due to limitations associated with the characterization
setup. Future work will include imaging the emitted mode at the end of both types of wire
waveguides and further investigating the propagation characteristics as a function of
corrugation

parameters.

In

summary,

the

first

fabrication

and

experimental

characterization of periodically corrugated wire waveguides for use at terahertz
frequencies was completed.
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V.

WAVEGUIDE MODE ANALYSIS

In the previous chapter on the characterization and modeling of terahertz metal wire
waveguides, it was shown that the corrugated metal wire waveguides exhibited better
electric field strength and increased bandwidth compared to the plain wire waveguides.
However, the experimentally measured frequency dependent diffraction patterns of the
corrugated wire waveguides compared to the plain wire waveguides did not match up
with the simulation models. These discrepancies were attributed to the characterization
set-up that was used and partly to the quality of the geometry of the corrugations on the
waveguide. In this chapter, it will be shown how a simpler geometry of a tapered
waveguide compared to a corrugated wire waveguide helps in achieving stronger field
confinement. This work involves extensive simulation and experimental work in order to
compare the three types of waveguides.

To understand the magnitude of the electric field confinement along the metal wire
waveguides, it is necessary to measure the radial extent of the THz electric field from the
surface as it propagates along the waveguide. This work involves simulation and
characterization of the electric field profile at the end of the waveguide as it leaves or is
emitted from the waveguide.
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In order to understand the loss and dispersion behavior of the metal wire waveguides, it is
important to characterize the mode at the end of the waveguide [32]. This mode analysis
at the end of the waveguide is done using finite element method simulations and
experimentally using a terahertz imaging system.

The first part of this discussion

involves the simulation work.

One significant feature of the THz metal wire waveguides is that the field penetration
inside the metal is in the range of nanometers but the penetration in the air surrounding
the wire is on the order of a few millimeters. Hence, the energy of the THz surface wave
is concentrated mostly in the air surrounding the wire and not inside [69]. Hence, there is
a need to study the far-field radiation properties of these metal wire waveguides. It was
demonstrated by Deibel et al using finite element method simulations that the weakly
guided surface waves on the metal wires exhibit frequency dependent diffraction as the
wave propagates from the surface of the wire into free space [55].

Finite element method (FEM) simulations were performed on plain, corrugated and
tapered wire waveguides. The FEM simulations were run on a windows platform with 64
GB of RAM and 64 bit system running with quad co-processors using the COMSOL
Multiphysics [70] commercial software package. In order to maximize the simulation
domain without sacrificing spatial resolution, an axial symmetry geometry was utilized,
reducing the simulation domain from 3-D to 2-D since the waveguides were cylindrical
in shape and field has no azimuthal dependence. Waveguide design parameters were
based on optimum wire diameter for the waveguides, width, depth and spacing of the
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corrugations, taper tip diameter and taper angle. All the above parameters matched the
waveguides available for experiments. For the plain waveguide, the axial line of
symmetry was designated as the central axis of the wire waveguide which had a 0.6 mm
radius and was 10 cm long,

For the corrugated waveguide, the axial line of symmetry

was designated as the central axis of the wire waveguide which had a 0.6 mm radius and
was 10 cm long with 30 µm width, 70 µm depth and 250 µm spacing between
corrugations. For the tapered waveguide, the axial line of symmetry was designated as
the central axis of the wire waveguide which had a 0.65 mm radius and was 12 cm long
with 40 µm tip diameter. The above mentioned waveguides were utilized in the
experimental work. Air sub-domains that surrounded the side and end of the waveguide
were terminated and surrounded with absorbing sub-domains, known as perfectly
matched layers (PMLs). The THz beam emitted at the end of the wire waveguide
propagated through air prior to being incident on the PML.

Back reflections occur when the wave propagates from one medium into another medium
due to refractive index mismatch. The PML is required to minimize any back reflections
from the surrounding boundaries in the model. Theoretically, the PML absorbs the entire
incident EM wave eliminating any back reflections. However, in practical computational
problems, very small back reflections do occur which can still be controlled by varying
the geometry of the PML such as the thickness of the layer. So when the wave enters this
layer, it exponentially decays in such a way that even if the back reflections occur , they
would be very small [71].
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The boundaries between the metal waveguide and surrounding air were set to a transition
boundary condition which allowed for the definition of the frequency-dependent complex
skin depth of the metal. The radially polarized excitation field was placed at the
beginning of the waveguide and defined using equations derived by Goubau for the
propagation of a Sommerfeld wave along a metal wire, shown below [53],

Fig.[5-1]. Geometry of the simulation model for the plain waveguide, r=0 indicates the symmetry axis

Fig.[5-2]. Simulation showing the position of the copper waveguide, electric field excitation, and PML
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h
Er  jA exp  j t  hz  Z1  r 
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(5.1)

where the propagation constant of the guided wave in the metal is denoted as h while the
free-space propagation constant is k. The variable, γ, is related to both of these constants
such that,

 c2  kc2  h2  c c  exp   j 2  h2

 2  k 2  h2   2  exp   j 2  h2 (5.2)

where the subscript c refers to the interior of the metallic waveguide. The variable, γ, is
found analytically as described by Goubau. Z0 and Z1 are Bessel functions inside the
metal and Hankel functions on the outside. For the simulations of the plain copper wire
waveguides, a waveguide mode at specified frequencies 250 GHz , 300 GHz or 350 GHz
was excited and allowed to propagate over the entire 10 cm extent of the wire, 12 cm for
the tapered waveguide. However, for simulations of the corrugated waveguides, the first
2 cm of each wire was straight and the periodic corrugations were only present over the
last 8 cm of the waveguide. However, choosing higher frequencies was restricted due to
mesh elements , back reflections due to PML. This approach yielded a more controlled
study of tapered, corrugated and plain wire waveguides. Since each and every simulation
result contained the same excitation field and common first 2 cm of waveguide,
comparative analysis of the THz electric-field at the end of each type of simulated
waveguide was relatively independent of coupling efficiency. In these studies, it was
assumed that 100 % of the radiation coupled from the straight portion of the wire to the
corrugations.
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Parameter inputs for these simulations included the wire radius, frequency-dependent
complex conductivity, corrugation parameters, and the frequency of the propagating
wave. The simulations were conducted in the frequency domain using mesh elements that
had size extents no larger than λ/10 which was more than sufficient to resolve the
radiation wavelength. Simulation results are shown in Figures [5-3] to [5-5] for different
frequencies 250 GHz , 300 GHz and 350 GHz. The plots depict the radial component of
the electric field at the end of plain, corrugated, and tapered copper wire waveguides
where the base radius of plain and corrugated waveguides was 0.6 mm and taper
waveguide of 0.65 mm radius with a 40 µm tip diameter. The simulated corrugation
parameters were 70 µm depth, 30 µm width, and 250 µm spacing as shown in Figure [41].

Qualitative analysis of Figures [5-3] to [5-5] shows that the THz electric-field intensity
confined to the tapered waveguide possesses a higher magnitude than for that of the plain
and corrugated wire waveguide at the frequencies 250 GHz, 300 GHz and 350 GHz. A
slight variation in magnitude at 350 GHz might be due to the model itself such as mesh
density, and PML dimensions that might cause back reflections causing issues with
standing waves leading to destructive interference.

The field intensity at the plain

waveguide tip, corrugated waveguide tip and tapered tip were compared at these
frequencies with the same input THz field. The spatial field confinement around the
tapered waveguide was much stronger than the corrugated and plain waveguides. Red
indicates the higher field strength and blue indicates the lower field strength. Most
importantly, with increasing frequency, the field intensity decreases for all three
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waveguides which is due to higher losses and to diffraction at the end of the waveguide
because of the scattering of surface waves as they enter free space. Diffraction is stronger
for low frequencies than at high frequencies. A more detailed analysis of these figures is
given below in Figures [5-6] to [5-11].

Fig. [5-3]. Simulation results of the radial component of the electric field at the end of the waveguide for
plain, corrugated and tapered waveguides at 250GHz
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Fig.[5-4]. Simulation results of the radial component of the electric field at the end of the waveguide for
plain, corrugated and tapered waveguides at 300GHz
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Fig.[5-5]. Simulation results of the radial component of the electric field at the end of the waveguide for
plain, corrugated and tapered waveguides at 350GHz.
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From Figures [5-6] and [5-7], it can be seen that the diffraction angle at the end of the
tapered waveguide is wider than the corrugated and plain waveguide and that with
increases in frequency, the diffraction angle decreases for the three waveguides. This
shows that with increase in frequency, the diffraction angle decreases and also the field
intensity decreases as shown in Figures [5-3] to [5-5].

Fig. [5-6]. Diffraction at the end of the plain, corrugated and tapered waveguides at 250 GHz
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Fig.[5-7]. Diffraction at the end of the plain, corrugated and tapered waveguides at 350 GHz

To understand the diffraction pattern and intensity of the field at the end of the
waveguides, quantitative analysis was done by plotting the radial component of the
electric field versus radial extent of the field from the surface of the waveguide at the
end. This plot was generated by choosing a line on the model just at the end of the
waveguide as shown in Figure [5-8].
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Fig.[5-8]. Radial component of the electric field of the plain copper waveguide at 250 GHz

In Figure [5-9], the radial component of the electric field versus the radial distance from
the surface of the waveguide was plotted for the plain waveguide at 250 GHz, 300 GHz
and 350 GHz. It shows that the field intensity is higher at higher frequency which is 350
GHz in this case. This discrepancy is due to the standing wave pattern that results from
the buildup of standing waves and destructive interference due to back-reflections from
PML.
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Fig.[5-9]. Electric Field( radial) versus radial distance from the plain waveguide @ 250 GHz, 300 GHz and
350 GHz

In Figure [5-10], the radial component of the electric field versus the radial distance from
the surface of the waveguide was plotted for corrugated waveguides at 250 GHz, 300
GHz and 350 GHz. It shows that the field intensity is higher at a lower frequency which
is 250 GHz and lower intensity at higher frequency 350 GHz which confirms the
frequency dependent diffraction pattern exhibited by these waveguides as shown in
Figures [5-6] and [5-7].
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Fig.[5-10]. Electric Field (radial) versus radial distance from the corrugated waveguide @ 250 GHz, 300
GHz and 350 GHz

In Figure [5-11], the radial component of the electric field versus the radial distance from
the surface of the waveguide was plotted for the tapered waveguide at 250 GHz, 300 GHz
and 350 GHz. It shows that the field intensity is higher at lower frequency which 250
GHz with slight variation in the beginning which is due to the standing wave pattern that
results from the buildup of standing waves and destructive interference due to backreflections from PML and lower intensity at higher frequency 350 GHz which confirms
the frequency dependent diffraction pattern exhibited by these waveguides in Figures [56] and [5-7].
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Fig.[5-11]. Electric Field ( radial) versus radial distance from the tapered waveguide @ 250 GHz, 300 GHz
and 350 GHz

Thus using the simulations, we were able to show that the tapered waveguide exhibits
stronger field confinement, which means that the same electric field magnitudes
contained in a smaller distance near the waveguide surface compared to plain and
corrugated wire waveguides.

The rest of this chapter will discuss the experimental results. In order to measure the
radial mode at the end of the waveguide, the THz transmitter is fixed spatially while the
receiver is mounted on a raster scanning stage for imaging. Since the propagation axis for
the waveguide is along the z-direction, the receiver is moved along different z-positions,
and at each z-position an image is generated by raster scanning along the X and Y
directions which will map the far-field of the THz pulse emitted at the end of the
waveguide. It is difficult to measure the field close to the waveguide due to the geometry
of the detection system and specifically its polarization sensitivity and hence the
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waveguide is placed approximately 4 mm away from the detector. If the experimental farfield confinement agrees with the finite element method simulations of the THz
waveguides, it is possible to make an in-direct analysis of the near-field THz surface
wave along the wire waveguide. The Figure [5-12] shows the experimental set-up of the
mode imaging at the end of the waveguide.

Fig.[5-12]. Experimental imaging set-up to characterize the radial mode at the end of the waveguide

Imaging is performed on the plain (10 cm long, 0.6 mm radius) , the corrugated ( 10 cm
long waveguide with corrugations of 25-30 µm wide, 60-70µm depth and 250 µm
spacing) and the tapered ( 12 cm long waveguide with 40 µm tip diameter) copper
waveguides. The transmitter and receiver are the same that were described and used in
the previous chapter. The experimental approach involved focusing the THz pulses from
the transmitter onto the plasmonic lens which coupled the linearly polarized THz
radiation to the radial mode on the surface of the wire waveguide. The THz receiver was
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placed to the side of the waveguide to measure the horizontal component of the radially
polarized electric field emitted at the end of the waveguide and performs the raster
scanning of the waveguide mode end. As the detector was fiber-coupled, it was easily
repositioned allowing the field emitted at the end of the waveguide to be spatially
characterized. The system was also constructed such that the transmitter and the detector
were oriented in a cross-polarization condition to make sure that in the absence of the
plasmonic lens and the wire waveguide, no THz radiation was detected.

By raster scanning, a 180 × 180 mm scan area was recorded for the plain and corrugated
waveguides and a 180 ×330 mm scan area for the tapered waveguide with a step size of
0.1 mm for plain and corrugated waveguides and 0.2 mm step size for tapered
waveguide. All the three were run on 4 averages. The two dimensional spatial profile of
the mode is detected at the end of each waveguide using this imaging configuration. At
each spatial point, the complete THz waveform is captured. By taking into account the
complete time domain waveforms for each spatial point of the image, it is possible to
extract information for the frequency of interest as shown in the figure below. Hence,
analysis was done based on time-domain waveforms obtained at each pixel point in the
image as shown in Figure [5-13].
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Fig.[5-13]. Spatial map of the plain waveguide at 250 GHz

The shape of the mode confirms the radial mode of propagation on the surface of the
waveguide detected at the end with no signal at the center of the image which
corresponds to the axis of the waveguide marked as a small white circle in Figure [5-13].
The two lobes on either side of the image confirm the radial mode at either end of the
waveguide. The polarity flip with the waveguide placed left and right to the detector
confirms the radial polarization on the surface of the waveguide. The reason the plots are
not symmetric can be attributed to the placement of the detector and its scanning axis. It
is possible that the scanning axis is not perfectly perpendicular to the waveguide. Or it
could also be that the waveguides ends are damaged. To confirm that the waveguides
exhibited the predicted radially polarized mode, the polarity reversal as seen in the
horizontal component of the electric field is shown in Figure [5-14], Figure [5-16], and
Figure [5-18] respectively.

89

Figure [5-14] shows the time domain and frequency domain analysis from data taken at
the end of the plain waveguide 4 mm away from the detector. From the time-domain
data, the peak to peak field amplitude for the plain wire waveguide was approximately
3.0 a.u. (arbitrary units) for on both sides of the waveguide. The frequency spectrum plot
shows that the plain wire waveguide extends to 1 THz for both sides of the waveguide
with slight reduction in spectral amplitude for the mode on the left side of the waveguide.
This is seen in the asymmetry of the modes in the image plot. Figure [5-15] shows the
time domain and frequency domain analysis with and without the waveguide in place. It
can be clearly seen that the there is no signal without the waveguide. It should also be
noted that the signal to noise to ratio for the waveguide measurement is approximately
10:1 for frequencies spanning from 0.1 to 1 THz.

Fig. [5-14]. Time-domain and frequency-domain plots of plain copper waveguide of 0.6 mm radius
showing the polarity reversal at the end of the waveguide
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Fig. [5-15]. Time-domain and frequency-domain plots of plain copper waveguide of 0.6 mm radius with
(red) and without (black) waveguide

Figure [5-16] shows the time domain and frequency domain analysis from data taken at
the end of the corrugated waveguide 4 mm away from the detector. From the timedomain data, the peak to peak field amplitude for the plain wire waveguide was
approximately 2.5 a.u. (arbitrary units) for both sides of the waveguide. The frequency
spectrum plot shows that the plain wire waveguide extends to 1 THz for both sides of the
waveguide with slight reduction in spectral amplitude for the mode on the left side of the
waveguide. This is seen in the asymmetry of the modes in the image plot. Figure [5-17]
shows the time domain and frequency domain analysis with and without the waveguide
in place. It can be clearly seen that the there is no signal without the waveguide. It can
seen that in comparing the corrugated waveguide measurements in this case to that for the
plain wire waveguides that the signal-noise ratio for the corrugated waveguide
measurements is lower.
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Fig. [5-16]. Time-domain and frequency-domain plots of corrugated copper waveguide of 0.6 mm radius
showing the polarity reversal at the end of the waveguide

Fig. [5-17]. Time-domain and frequency-domain plots of corrugated copper waveguide of 0.6 mm radius
with (red) and without (black) waveguide

Figure [5-18] shows the time domain and frequency domain analysis from data taken at
the end of the tapered waveguide 4 mm away from the detector. From the time-domain
data, the peak to peak field amplitude for the plain wire waveguide was approximately
7.5 a.u. (arbitrary units) for on both sides of the waveguide. The frequency spectrum plot
shows that the plain wire waveguide extends to 1 THz for both sides of the waveguide
with slight reduction in spectral amplitude for the mode on the left side of the waveguide.
This is seen in the asymmetry of the modes in the image plot. Figure [5-19] shows the
time domain and frequency domain analysis with and without the waveguide in place. It
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can be clearly seen that the there is no signal without the waveguide. While the overall
signal amplitude/strength is higher in the case of the tapered waveguide measurements,
overall the noise floor is significantly higher than that for either the plain or corrugated
straight wire waveguides, thus detrimentally impacting the signal-noise ratio for the
tapered measurements.

Fig. [5-18]. Time-domain and frequency-domain plots of tapered copper waveguide of 20 microns tip
radius showing the polarity reversal at the end of the waveguide

Fig. [5-19]. Time-domain and frequency-domain plots of tapered copper waveguide of 20 microns tip
radius with (red) and without (black) waveguide
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It is important to note from the above time-domain and frequency domain analysis that
the tapered wire waveguide possess higher field strength and better spectral amplitude
compared to plain and corrugated wire waveguides.

Based on the imaging data, it is necessary to investigate the frequency dependent
diffraction patterns of all three types of waveguides and provide an in-depth analysis of
this work. Both simulation and experimental work also exhibit the frequency dependent
diffraction patterns at the end of the plain, corrugated and tapered waveguide. More
importantly at low frequencies, this diffraction is more prominent. Figures [5-20] to [523] are images derived from the time-domain imaging data via Fourier analysis at
250GHz, 300GHz, 350GHz and 500GHz for the plain, corrugated and taper copper
waveguides. It can be seen that the taper waveguide exhibits more diffraction at the end
compared to the corrugated and plain copper waveguides. In the plots where the plain and
corrugated wire waveguides extend to approximately 18 mm on the x-axis, the tapered
one extends to more than 33 mm which is almost twice the diffraction extent of the other
two waveguides. For all the three waveguides, data was taken at the same z-distance
which was 4 mm away from the detector. The field strength on the color scale for plain
and corrugated wire waveguides extends approximately to 180 a.u. while for the taper, it
extends to 600 a.u. This trend is observed for all of the different frequencies being
considered. The intensity of the field is stronger with the taper due to field confinement at
the tip, thus increasing the spatial resolution which is useful for sensing and imaging. It is
also seen that with increase in frequency, the width of the diffraction extent decreases,
and the field amplitude decreases as shown in Figure [3-3].
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Fig.[5-20]. Image showing frequency dependent diffraction of plain, corrugated and tapered copper wire
waveguides at 250 GHz

Fig.[5-21]. Image showing frequency dependent diffraction of plain, corrugated and tapered copper wire
waveguides at 300 GHz
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Fig.[5-22]. Image showing frequency dependent diffraction of plain, corrugated and tapered copper wire
waveguides at 350 GHz

Fig.[5-23]. Image showing frequency dependent diffraction of plain, corrugated and tapered copper wire
waveguides at 500 GHz
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Figures [5-24] to [5-27] are plotted on the same spectral amplitude scale for better
comparison between the various waveguide diffraction patterns. Several features are
observed in these figures. As mentioned earlier, the energy of the THz surface wave is
concentrated in the air and not inside the metal, hence it is important to study the far field
diffraction patterns emitted the end the waveguide as they propagate into free space. A
key feature of the above mentioned plots is that the diffraction exhibited by the tapered
waveguide is much wider compared to plain and corrugated waveguides. It is also
observed that with increase in frequency, the width of the diffraction pattern decreases
and intensity of the field reduces. It is also observed that with increase in the radius of the
wire, the width of the diffraction pattern decreases since the field on the wires will not be
confined closer to the surface as shown in Figure [3-4]. Hence, it is clearly seen that the
plain and corrugated waveguides of larger radius compared to tapered waveguide possess
narrower width of the diffraction patterns at all frequencies. Since the radius of the tip of
the tapered waveguide is much smaller, it exhibited a wider diffraction emission pattern
at the end of the waveguide.

Fig.[5-24] Comparison of frequency dependent diffraction of plain, corrugated and tapered copper wire
waveguides at 250 GHz on the same intensity scale
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Fig.[5-25]. Comparison of frequency dependent diffraction of plain, corrugated and tapered copper wire
waveguides at 300 GHz on the same intensity scale

Fig.[5-26]. Comparison of frequency dependent diffraction of plain, corrugated and tapered copper wire
waveguides at 350 GHz on the same intensity scale
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Fig.[5-27]. Comparison of frequency dependent diffraction of plain, corrugated and tapered copper wire
waveguides at 500 GHz on the same intensity scale

Figures [5-28] to [5-31] are of the spectral amplitude plots at specified frequencies of
250GHz, 300GHz, 350GHz, and 500GHz comparing frequency dependent diffraction at
the end of the three waveguides. These figures give a better visualization of the image
plots. The reason the plots are not symmetric can be attributed to the placement of the
detector and its scanning axis. It is possible that the scanning axis is not perfectly
perpendicular to the waveguide. Or it could also be that the waveguides ends are
damaged. These plots were constructed based on selecting one point along the y-axis in
the image plot that has the maximum time-domain signal and capturing all the time
domain maximum amplitude values along that point with respect to the radial distance of
the waveguide (x-axis in the image plot). The spectral amplitude of the tapered wire
waveguides is much stronger than the corrugated and plain wire waveguides which is
exactly what is observed in the image considering each and every point in the image. It is
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worth noting that the spectral amplitude plots of corrugated and plain wire waveguides
lies within one lobe of the spectral amplitude plot of the tapered wire waveguide
signifying that the tapered wire waveguide diffraction extent is more than the other two
waveguides. This is shown in the Figures 5-17 to 5-20. It is also seen that as the
frequency increases, the width the spectral amplitude plot gets narrower for the tapered
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Fig.[5-28]. Plots of the spectral amplitude at different frequencies detected at an approximate distance of 4
mm from the end of the wire waveguide for plane, corrugated and tapered waveguides at 250 GHz
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Spectral Amplitude @ 300 GHz
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Fig.[5-29].Plots of the spectral amplitude at different frequencies detected at an approximate distance of 4
mm from the end of the wire waveguide for plane, corrugated and tapered waveguides at 300 GHz
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Fig.[5-30].Plots of the spectral amplitude at different frequencies detected at an approximate distance of 4
mm from the end of the wire waveguide for plane, corrugated and tapered waveguides at 350 GHz
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Fig.[5-31].Plots of the spectral amplitude at different frequencies detected at an approximate distance of 4
mm from the end of the wire waveguide for plane, corrugated and tapered waveguides at 500 GHz

In Figures [5-32] to [5-34] , for the case of 250 GHz plot, the spectral amplitude of the
tapered wire waveguide at 170 (i.e. 170 on Y-axis), the width of the left lobe is
approximately 12 mm (16 mm – 4 mm) while that of right lobe is approximately 9 mm
(29.6 mm – 20.6 mm). For the case of the 500 GHz plot, spectral amplitude taken at 170,
the width of the left lobe is approximately 9.8 mm ( 14.8 mm – 5 mm) while that of right
lobe is approximately 4.8 mm ( 27.4 mm – 22.6 mm). However, it is interesting to note
that the width of the corrugated waveguide increases with frequency considering only the
right lobe of the spectral amplitude plot at 250 GHz spectral amplitude at 74, width of the
right lobe is approximately 6.2 mm (15.4 mm – 9.2 mm) and at 500 GHz, width of the
right lobe is approximately 7.2 mm (17.2 mm – 10 mm) while that of plain waveguide at
250 GHz, spectral amplitude at 74 width of the right lobe is approximately 6.5 mm (16.0
mm – 9.5 mm) and at 500 GHz, width of the right lobe is approximately 6 mm (16.9 mm
– 10.9 mm). From this analysis, it can be seen that the tapered and plain wire waveguides,
diffraction width and spectral amplitude decrease with frequency.
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Fig.[5-32]..Plots of the spectral amplitude at 250GHz and 500GHz detected at an approximate distance of 4
mm from the end of the wire waveguide for plane waveguide
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Fig.[5-33]..Plots of the spectral amplitude at 250GHz and 500GHz detected at an approximate distance of 4
mm from the end of the wire waveguide for corrugated waveguide
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Fig.[5-34]..Plots of the spectral amplitude at 250GHz and 500GHz detected at an approximate distance of 4
mm from the end of the wire waveguide for tapered waveguide

The simulations and experimental results show that the electric field intensity at the
tapered waveguide tip is stronger than the corrugated and the plain waveguide ends. It is
seen that the diffraction at the end of the waveguide can be tailored by varying the
geometry at the tip of the waveguide and is also frequency dependent. This increased
THz signal at the tapered tip will be useful in THz sensing and imaging applications.
Even though Terahertz imaging is a safe and non-destructive technique, the biggest
hurdle is the spatial resolution limited by the wavelength of the THz radiation which is
300 microns at 1 THz. Hence, there has been extensive research done to develop
techniques to improve the spatial resolution and also reduce lateral extent of the field on
the surface of the waveguides. Hence it has been shown that if the diameter of the wire
waveguide is tapered, the spatial extent of the THz surface waves scales down and can be
sub-wavelength in dimension. If the experimental far-field confinement agrees with the
finite element method simulations of the THz waveguides, it is possible to make an indirect analysis of the near-field THz surface wave along the wire waveguide. Thus, a
tapered THz wire waveguide can be used in a near-field imaging system.
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VI. TEMPERATURE SENSITIVITY MEASUREMENTS
The choices of materials selection for THz waveguides are very limited. The propagation
loss is largely dependent on the finite conductivity of the metal. The influence of
temperature on the

conductivity has been theoretically studied by modeling the

temperature dependence waveguide properties of a metal wire coated with dielectric
material [72]. There has been very little research performed on exploring THz wire
waveguide properties in terms of their sensitivity to temperature variations as most of the
experiments and measurements have been conducted at room temperature. Laman and
Grischkowsky have experimentally demonstrated the frequency independent conductivity
of the Aluminum, gold and silver through THz transmission measurements at cryogenic
temperatures [73].

However, for applications requiring measurements conducted at temperatures above or
below room temperature, such as sensing and imaging, it is necessary to study waveguide
properties over a range of temperatures. In addition, if the propagation characteristics of
THz wire waveguides do possess temperature sensitivity, this could be an additional
measurement capability of systems using THz waveguides in addition to spectroscopy
and imaging. The experimental set-up shown in Figure [6-1] is similar to the previously
described waveguide characterization set-ups.
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The waveguide was surrounded by a large diameter dielectric tube with the heating
element placed along its inner diameter which will heat the waveguide and the air around
it. This configuration was used in a hope to provide uniform heating. The waveguide is
not coated with a dielectric such as to prevent any losses that could arise due to airdielectric-metal interactions. At each temperature setting, time-domain waveforms were
captured using a standard THz-TDS system. In addition, measurements were performed
at cryogenic temperatures.

Fig.[6-1]. Experimental set-up for waveguide temperature measurements
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Recall from Figure [3-2] in which loss measurements were done based on conductivity of
different metals and the plots indicated that the loss increased with conductivity of the
metals. Here, the goal was to investigate the temperature dependent loss based on the
conductivity of the copper at three different temperatures 295 K , 309 K and 315 K.
Higher temperatures were restricted due to heating of the foil surrounding the Teflon tube
and inturn melted the Teflon tube as well. The temperature was recorded using a RTD
temperature probe and the heating element was attached to a variable transformer that
controlled the amount of current provided to the heating element. Temperature is
recorded by varying the current on the transformer. At each setting i.e. 0 A, 40 A and 50
A, temperature was recorded on the computer and the time was set until the temperature
was stabilized. It was noted that after about an hour of each ammeter setting, temperature
was stabilized. 295 K corresponds to 0 A, 309 K corresponds to 40 A, 310 corresponds to
45 A and 315 K corresponds to 50 A. This stabilized temperature was used in the
measurements reported here.

 T     0 1   T  T0 

(0.6)

Where  T  represents the resistivity at a specific temeperature,   0  is the resistivity
at room temperature, α is the temperature coefficient of resistivity, α = 0.0039 was used
in this data that corresponds to room temperature value. T and T0 are the final and initial
temperatures.



1

(0.7)



107

Skin depth of the metal is an important factor to be considered that affects the
propagation properties on the surface of the metal wires. Skin depth is the region where a
THz wave penetrates into the metal.



1

(0.8)

2 f r 0

Where δ is the skin depth of the metal, f is the frequency ( 250 GHz) , σ is the
conductivity of the metal, µr is the relative permeability, µ0 = 4π * 10 ^-7 ( Henry/m).

Temperature (K)

Conductivity (S/m)

295
309
310
315

5.968E+07
5.658E+07
5.636E+07
5.535E+07

Skin Depth
(m)
1.30363E-7
1.33887E-7
1.34148E-7
1.35367E-7

Table.[6-1]. Temperature versus conductivity for copper

Even though there were only few data points taken, it is possible to examine if there
exists any temperature-dependent propagation properties of the THz metal wire
waveguides. In Figure [6-2], the bulk conductivity of the metal decreases with increase in
temperature due to scattering of electrons . Skin depth of the metal increases with
temperature as the conductivity decreases. Figures [6-3] and [6-4] are the time-domain
plots of plain and corrugates copper waveguides at 295 K, 309 K, 310 K and 315 K for
two data runs that were performed. However, time-domain plots at different temperatures
for these two waveguides appear equal in amplitudes and are difficult to interpret the
variation with temperature. Hence peak to peak values were extracted from these time108

domain data to obtain meaningful interpretation of the data and their percentage
difference was plotted in Figure [6-5]. These figures indicate that with increasing
temperature, there was not much change in the amplitude of the time-domain signal.
However, the percentage change lies within 10 % which is statistically significant.
However, this is more observed at higher temperatures especially at 315 K and our
experiment could not be done at higher temperatures than 315 K due to heating of the
Teflon tube. Since the statistically significant value of 10 % corresponds to only 4
sample points, we may not confirm the temperature dependent propagation properties of
these waveguides. Hence , the data was analyzed in frequency domain to extract more
useful information at different frequencies.

Fig.[6-2]. (left) Conductivity versus temperature, (right) Skin-depth versus temperature
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Fig.[6-3]. Time-domain plots of the plain copper waveguide of 0.6 mm radius for two different data sets
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Fig.[6-4]. Time-domain plots of the corrugated copper waveguide of 0.6 mm radius for two different data
sets

.

Temperature (K)
295
309
310
315

Peak to Peak Amplitude (a.u.)
28.71
28.986
30.1767
30.6266

% change
0
0.96%
5.11%
6.68%

Table.[6-2]. Percentage change in peak to peak amplitude for the plain waveguide data set-1
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Temperature (K)
295
309
310
315

Peak to Peak Amplitude (a.u.)
27.737
29.223
29.668
30.262

% change
0
5.36%
6.96%
9.10%

Table.[6-3]. Percentage change in peak to peak amplitude for the plain waveguide data set-2

Temperature (K)
295
309
310
315

Peak to Peak Amplitude (a.u.)
24.66
24.73
24.8
26.32

% change
0
0.28%
0.57%
6.73%

Table.[6-4]. Percentage change in peak to peak amplitude for the corrugated waveguide data set-1

Temperature (K)
295
309
310
315

Peak to Peak Amplitude (a.u.)
23.48
23.99
26.4
27.68

% change
0
2.17%
12.44%
17.89%

10

Data Set-1

% Change in peak to peak amplitude

% Change in peak to peak amplitude

Table.[6-5]. Percentage change in peak to peak amplitude for the corrugated waveguide data set-2
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Fig.[6-5]. Percentage change in Peak to Peak amplitude of time-domain data versus temperature for plain
and corrugated wire waveguide for both the data runs
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In Figure [6-6], Spectral amplitudes at 250 GHz, 500 GHz and 1 THz were plotted as a
function of temperature. With increase in frequency, we observe that the spectral
amplitude decreases for both plain and corrugated waveguides which is usually observed
in the frequency dependent analysis of the waveguides.

Fig. [6-6]. Plot of spectral amplitude versus temperature for the plain copper wire waveguide of 0.6 mm
radius at 250GHz,500GHz and 1THz

As there are many application of terahertz spectroscopy involving the measurement of
samples in cold conditions, it is necessary to evaluate the performance of wire
waveguides at cryogenic frequencies. Hence, this work attempts to test these waveguides
at cryogenic temperatures. The experimental set-up is similar to Figure [6-1], however
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Teflon tube which was utilized in the heating experiments was replaced by the high
density polyethylene hollow box. The metal wire waveguide was inserted through 1 mm
diameter holes on both sides of the box and liquid nitrogen was poured in to the box for
taking the cryogenic measurements while reference data was also taken at room
temperature.
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Fig.[6-7]. Time-domain and frequency domain plots of the plain waveguide at 295 K and 77 K
(data set-1)
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Fig.[6-8]. Time-domain and frequency domain plots of the plain waveguide at 295 K and 77 K
(data set-2)

In general, it was expected that the field strength should drastically increase at 77 K.
From Figures [6-7] and [6-8], The time-domain plots indicate that the field strength at
77K is lower than the field strength at 295 K. More precisely, the peak to peak
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amplitudes for the copper wire waveguide at 77K is approximately 21 a.u. and 25 a.u. at
295 K for both data sets . There are several factors to be considered here. One is that the
conductivity of plain copper wire of 0.6 mm is approximately 2.02e7 S/m based on
Figure [3-2], which is less than the bulk conductivity of the copper 5.96e7 S/m at 295 K.
Also, the conductivity of the metal near the metal / air interface is smaller than the metal
near any other interface [73, 74]. At these low temperatures, scattering from phonons
(lattice vibrations) also need to be considered. It is possible that the conductivity of the
plain copper wire waveguide increased at 77K and hence the guided mode propagation
on the surface of the wire reduced, hence the decrease in field strength. However, this
experiment did not yield any temperature dependence on the waveguide.

Experimental results suggested that there is no relationship between temperature and
propagation properties of the THz surface waves which is in agreement with [73].
However, It is hard to draw any conclusions based on the four sample points in which
highest temperature was 315 K which wasn’t too far off from the room temperature
measurements. Higher temperature than this was restricted due to heating of the Teflon
tube. Our choice of Teflon tube based on theoretical studies wasn’t successful. Theory
suggested that the Teflon has no change in temperature variation from 80 K to 500 K
[72].The cryogenic measurements also suggested no variation in propagation properties
[74]. However, It might be a good thing in terms of stability if the waveguides exhibit
little or no temperature variation.
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VII.

CONCLUSION

In conclusion, this work was the first combined simulation and experimental
characterization effort involving laser micro-machined periodically corrugated metallic
terahertz wire waveguides[64, 65]. This effort consisted of three different stages. First,
finite element method simulations were performed in order to analyze the optimal
corrugation parameters such as wire diameter, periodicity, and aspect ratio (width to
depth) of the corrugations in order to assess their impact on waveguide properties such as
loss and electric-field confinement. Second, using the chosen design parameters, the
modeled metal waveguides were fabricated using a laser micromachining process. Third,
the plain, tapered and periodically corrugated waveguides were characterized using a
THz time-domain spectroscopy and imaging system.

The THz radiation detected at the end of the corrugated waveguide showed overall
improved signal amplitude and increased bandwidth as compared to that for the nonmachined waveguide. Further, FEM simulation results indicated that the presence of the
periodic corrugations would alter the frequency-dependent diffraction emitted at the end
of the wire waveguides. However, attempts at confirming this effect experimentally were
inconclusive due to limitations associated with the characterization setup.
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This led to imaging of the mode emitted at the end of the waveguides which was
performed to investigate the propagation properties of plain, corrugated and tapered metal
wire waveguides. The simulations and experimental results showed that the electric field
intensity at the tapered waveguide tip is stronger than for the corrugated and the plain
waveguide ends. It was seen that the diffraction at the end of the waveguide can be
tailored by varying the geometry at the tip of the waveguide and was also frequency
dependent. This increased THz signal at the tapered tip could be useful in THz sensing
and imaging applications. Even though Terahertz imaging is a safe and non-destructive
technique, the biggest hurdle is the spatial resolution limited by the wavelength of the
THz radiation which is 300 microns at 1 THz. Hence, there has been extensive research
done to develop techniques to improve the spatial resolution and also reduce lateral
extent of the field on the surface of the waveguides. Hence it has been shown that if the
diameter of the wire waveguide is tapered, the lateral extent of the THz surface waves
scales down and can be sub-wavelength in dimension.

It is not easy to measure the lateral extent of the electric field close to the surface of the
waveguide which is limited by the detection capabilities in the near-field. Experimental
set-up restricts these measurements based on the detector alignment. Hence, electric field
confinement at the end of these waveguides is studied in the far-field. If the experimental
far-field confinement agrees with the finite element method simulations of the THz
waveguides, it is possible to make an in-direct analysis of the near-field THz surface
wave along the wire waveguide. Hence experimental results of the far-field diffraction
patterns emitted at the end of the tapered waveguide were compared to simulations and
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the results agreed well. Thus our indirect comparison to the near-field suggests that the
tapered THz wire waveguide can be used in a near-field imaging system. However, our
attempt to study the near-field properties were not successful since at the end of the
tapered waveguide , the mode was so big that coupling issues aroused between incident
THz radiation and scattered radiation from the sample and detected signal reduced
drastically which limited further analysis.

Finally, this work investigated the propagation characteristics of THz wire waveguides
based on temperature sensitivity, which could be an additional measurement capability or
liability for systems using THz waveguides for spectroscopy and imaging. Experimental
results suggested that there is no relationship between temperature and propagation
properties of the THz surface waves and agreed with [74]. However, It is hard to draw
any conclusions based on the four sample points in which highest temperature was 315 K
which wasn’t too far off from the room temperature measurements. Higher temperature
than this was restricted due to heating of the Teflon tube. Our choice of Teflon tube based
on theoretical studies wasn’t successful. Theory suggested that the Teflon has no change
in temperature variation from 80 K to 500 K [72]. The cryogenic measurements also
suggested a little variation in propagation properties. However, It might be a good thing
in terms of stability if the waveguides exhibit little or no temperature variation.

To address the near-field measurement issues that we faced during this PhD work, the
next step towards would be to use different geometries of the waveguides such as varying
the taper tip diameters and corrugations on the taper waveguide to improve the mode
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confinement at the end of the waveguide. This work was limited to just one taper
waveguide with 40 microns tip diameter since the other tapered waveguides with 30
microns, 60 microns and 200 microns were damaged at the tip. This suggests that since
copper possess highest ductility with the exception of gold and silver, it is possible that
the tips might be easily bent with the least amount of stress. A different material such as
tungsten that is less ductile than copper might be an option. However, since tungsten
possess the lower conductivity compared to copper. There should be a compromise
between material and its properties.

Simulations need to be performed to achieve

optimum dimensions for a variety of geometries such as taper tip diameters, taper
diameter that influences coupling, corrugation parameters in order to check if it is within
the limit of fabrication capabilities. Future work will also include investigation of
different geometries of the corrugations, for example in this work grooves were circular
in cross section along the length of the waveguide. Groove geometries such as square,
helical, spiral cross section are also worth investigating and understanding their
propagation properties on the surface of the waveguide.

This PhD work successfully demonstrated simulation and experimental characterization
involving laser micro-machined sub-microns sized features of periodically corrugated
metallic terahertz wire waveguides and tapered wire waveguides. The increased subwavelength confinement at the end of the tapered waveguides might be used in THz
systems for near-field microscopy and also replace the free space optics with the THz
waveguides.
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IX.

APPENDIX A

% computation of the parameters for describing a Sommerfeld wire wave,
% adapted from Goubau's 1950 JAP paper, section II.
format long
clc
clear
%frequency
nu_wehstart=0.1e12;
nu_wehend = 2e12;
%radius
a_mm = input(' Enter the radius (mm) of the cylindrical conductor ');
a = a_mm/1000;
%speed of light
epsilon = 8.854187817000001e-012 %permittivity of free space
mu = 4*pi*1e-7 %permeability of free space
c = 1 / (sqrt(epsilon*mu)) %speed of light (m/s)
%conductivity calculations
sigma_dc = input(' Please enter the DC conductivity of the (mhos/m) of conductor ');
tau_1 = input(' Please enter the drude relaxation time of the conductor (10e-14 s) ');
tau = tau_1 * 1e-14;
% value of eta for derived from Goubau's paper, equations 10,11:
c_euler = -psi(1) %generate euler's constant
index=1
for f=0.025e12:(2.5e12/250):2.50e12,
freq(index,1)=f;
sigma_weh(index,1)=sigma_dc/(1-(i*2*pi*freq(index,1)*tau)) %drude conductivity
eta(index,1)
=
(2^(5/2))*(pi^(3/2))*((0.5*exp(c_euler))^2)*((freq(index,1))^(3/2))*a*...
epsilon*(sqrt(mu))*((sigma_weh(index,1))^(-1/2));
eta_calc = eta(index,1);
g=inline(strcat('abs(x)*log(abs(x))+',num2str(abs(eta_calc))),'x');
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% solve for abs(xi):
zer=fzero(g,[1e-9,3e-2]);
alpha(index,1)=-(pi/4)*(1-1/(log(zer)+1));
xi(index,1)=zer*exp(i*alpha(index,1));
gamma(index,1)=sqrt(xi(index,1))/(-.5*a*exp(c_euler)*j);
% propagation constant:
k(index,1)=2*pi*freq(index,1)/c;
h(index,1) = sqrt(k(index,1)^2-gamma(index,1)^2);
% phase velocity:
vphase(index,1)=2*pi*freq(index,1)/real(h(index,1));
% loss
beta_dBper100ft(index,1)=-2.66*sin(alpha(index,1))*abs(xi(index,1))*c*1000/(f*a*a);
beta_invcm(index,1)=beta_dBper100ft(index,1)*(1/(100*12*2.54))*(log(10)/20);
index = index +1
end
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X. APPENDIX B

%Dispersion curve calc
%Based on Maier's PRL 2006
%create a frequency array
f = linspace(0,3E12,(3E12/50E9));
%convert to angular frequency
w = 2* pi .*f;
%create g factor
c = 3E8; %speed of light in m/s
g = w./c;
%input Maier parameters
%r = 40E-6;
%R = 100E-6;
h = 100E-6;
a = 30E-6;
d = 250E-6;
% dispersion calc time
k = g.*sqrt(1+((a.^2)/(d.^2)).*((tan(g.*h)).^2));
kvector = k./(2*pi./d);
j = kvector' ;
l=f';
%plot time
figure
plot(j,l)
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