


 
 

ABSTRACT 

Novel Devices for Terahertz Wave Imaging, Wave-guiding and Sensing 

by 

Jingbo Liu 

Several novel optical devices, which were designed to manipulate terahertz 

waves for broadband near-field imaging, wave-guiding (invisible space), and 

sensing (resonator), are presented in this thesis. We developed the original working 

concepts of each device, and demonstrated the prototype experimentally in our lab. 

The working concepts of physics were investigated in experiment, in simulation and 

in theoretical analysis.  

We exploited a tapered parallel-plate waveguide (PPWG) as a novel probe for 

broadband near-field imaging. This imaging probe consists of two metal plates with 

the plate spacing gradually tapered from one end to the other. We proved that the 

space tapering enables this probe to propagate the broadband THz waves efficiently 

(with low-loss, no cut-off and nearly no dispersion) from the input end of large 

spacing into the narrow end of sub-wavelength spacing. Working in a reflection 

mode, this imaging probe is proved to be able to differentiate the dielectric features 

as well as topographic information on the sample. Combined with the methodology 

of filtered back projection, we reconstructed a two-dimensional image of a gold 

pattern on a GaAs chip by using this tapered PPWG probe. The smallest feature of 

~100 µm is resolved by using the waves with average wavelength of 1.5 mm.  



 
 

We studied the phenomenon of surface plasmon-polariton in THz range on 

the platform of a parallel-plate waveguide (PPWG). In this thesis, we show the 

characterization of the waveguide mode of a finite-width parallel plate waveguide 

by using an improved scattering-probe technique. An abrupt waveguide mode 

transition was observed at a very narrow frequency range. We demonstrated that 

this transition frequency is determined by the material properties of the waveguide, 

the frequencies of the electromagnetic waves as well as the geometry of the 

waveguide.  This result provides a good guidance for the waveguide design for THz 

transmission.  

We also exploited the capability of using the spoof surface plasmon to 

enhance the reflectivity of an interface between free space and a PPWG. We 

demonstrated that the reflection coefficient of this interface can be enhanced up to 

~100 % at a designed frequency, by cutting a designed pattern of periodic 

rectangular groove on the output facet of the PPWG. A lateral shift and a phase shift 

of the reflected beam is observed in the experiment, which is a strong reminiscent of 

Goos-Hanchen shift. We carried out the experimental, simulation and theoretical 

characterizations of the lateral and phase shift. As an application, we designed and 

demonstrated a prototype of a band-pass THz resonator.  

We introduced the concept of a waveguide-based two-dimensional 

inhomogeneous artificial dielectric into THz range. This artificial dielectric is the 

space between the two metal plates of a PPWG working in TE1 mode. We designed a 

THz mirage device (or an invisible space device) by using ray-tracing and full-wave 



 
 

simulations, which contributed to the first experimental demonstration of such a 

device. A metal coin of size several times larger than the working wavelength can be 

hidden in the device without casting any shadow. This work is in collaboration with 

Dr. Rajind Mendis and the author of this thesis contributed to the design and 

characterization of the device in simulations.  
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Chapter 1 

Introduction 

1.1. Introduction 

The terahertz wave is the electromagnetic radiation that covers the 

frequencies between 0.1 THz and 10 THz, which corresponds to wavelength from 30 

µm to 3 mm. It was also called “THz Bridge” or “THz Gap” in the past, since it 

connects the frequency gap between microwave (millimeter-wave) and infrared 

radiations, where there was a lack of generation and detection methodologies. 

Although the THz wave is still less explored compared to the microwave and 

infrared field, the THz science and technologies have been growing rapidly in the 

past decades motivated by the curiosity of human being and the potential 

applications in various industries.  In the THz community, which is a relatively 

young community, terahertz radiation is also called a sub-millimeter wave, T-ray, 

far-infrared, terahertz light, or THz.   
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Terahertz radiation was first exploited in Astronomical observations. In this 

field, the THz radiation is naturally generated as part of the black body radiation. It 

plays an important role for characterizing the cold 10-20 K dust in the interstellar 

medium in the Milky Way galaxy and in distant starburst galaxies. A number of 

observatories and telescopes were established around the world to monitor the 

radiation from the space in the THz range. Because of its high cost, low signal to 

noise ratio, and difficulties of daily operation, technologies for THz generation and 

detection were not applicable for many years, which hindered the exploration of the 

applications using this electromagnetic radiation. The THz technologies started to 

grow since 1965, when the first image generated by using THz radiation was 

demonstrated. Another dose of strong motivation was injected in 1995 [1], when 

the terahertz time-domain spectroscopy system was used to create THz images. 

Even now, Terahertz generation and detection is still in its infancy and remain in an 

area of active researches.  As of 2013, there are a variety of terahertz generation and 

detection methodologies, such as the gyrotron[2], the  backward wave oscillator[3],  

the far infrared laser [4], the quantum cascade laser[5], terahertz time-domain 

spectroscopy[6],  and resonant tunneling diode (RTD)[7].  

Along with development of the THz sources, the applications of THz 

technologies have been intensively investigated in many industries, benefitting from 

the marriage of technologies in microwave and optical frequencies. These 

applications usually involve using THz waves for imaging and spectroscopy. In 

medical imaging, a terahertz system provides a safe, non-invasive and painless 

diagnose tool for effective epithelia cancer detection[8], and a more accurate tool of 
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3D imaging for teeth inspection [9]. In the security inspection, the terahertz 

spectroscopy technique is employed to remotely detect drugs and explosives hidden 

in handbags or luggage, by making use of the unique “figure print” of these materials 

in THz spectrum[10].  In scientific research areas, the THz spectroscopy technique is 

a powerful analysis tool for providing information in chemistry, biochemistry, and 

material science [11]. The THz scanner provides historians a useful tool to see 

murals or paints through the coats of plaster, without harming these arts. In 

wireless communication industry, a new record of an extra-high rate (3 Gb/s) of 

wireless data transmission in a room was realized by using THz waves [12].  

Because the THz frequencies lies in the middle ground of microwave and infrared in 

the spectrum, it is also widely investigated in order to understand the material 

response in this transition frequency [13], and to prove some novel concepts which 

were not applicable in the other frequencies [14-17].  

In the development of science and technologies for THz imaging and 

spectroscopy, there were some challenges with the THz radiation, which limit the 

applications of THz technologies in the real-world environment. For example, the 

wave vapor has very strong rotation transition in THz range, which results in 

intense absorption bands. And water vapor is one of the major contents of the 

ordinary air in the atmosphere. Therefore the earth’s atmosphere is a natural 

absorber of terahertz waves, which prevents terahertz wave from applications such 

as long distance (> 500m) wireless communications, and also adds undesired water 

absorption lines in the spectroscopic characterization of materials. Another example 

of the challenges is the lack of an efficient waveguide, which transmit the broad-
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band terahertz wave to the area of application without excessive loss of information 

or signal degradation.  

1.2. The scope of this thesis 

The motivation of my doctoral research is to develop novel devices and 

systems with improved performance for THz imaging, wave-guiding and sensing.  In 

this thesis, I have included all research projects accomplished as my PhD works, 

either in cooperation with other authors or completed independently.  

For a better understanding of this thesis, I have included the necessary 

background for each project, along with an introduction to the THz-TDS system 

(Chapter 2).  The first project of my doctoral thesis was for a THz spectral near-field 

imaging technique that exploits a novel imaging probe (in Chapter 3). In the second 

project (the first part of Chapter 4), I characterized the waveguide mode of a finite-

width parallel plate waveguide in both experiment and simulation, which shows an 

abrupt mode transition from plasmonic mode to the traditional TEM mode. In the 

third project (the second part of Chapter 4), I discovered a new physical 

phenomenon, which explores the concept of using spoof surface plasmons (SSPs) to 

enhance the reflectivity at the output facet of a parallel plate waveguide. As a step 

forward, I applied this new concept into a novel THz band-pass resonator and 

demonstrated a prototype of the resonator in the experiment.  For my last project 

(Chapter 5), I designed a THz mirage device by using both the full-wave simulations 

based on the finite element method and the simulations based on ray-tracing, which 
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exploits a parallel-plate waveguide working in TE1 mode as a two-dimensional 

inhomogeneous artificial dielectric. This design contributes to the first experimental 

demonstration of such a device.  

Interestingly there is a common link for all my doctoral research projects, 

which is a parallel-plate waveguide (PPWG). This simple classic textbook structure 

of waveguide has supreme qualities as a waveguide for broad-band THz wave 

propagation[18, 19], and it has been the platform for various applications of THz 

technologies. The lowest fundamental waveguide modes of a PPWG are transverse 

electromagnetic mode (TEM mode) and the first order of transverse electric mode 

(TE1 mode). The imaging probe for the THz near-field imaging project is a spacing-

tapered parallel plate waveguide working in TEM mode. In the project of waveguide 

mode characterization, the finite width parallel-plate waveguide is a variation of the 

traditional infinite width PPWG. The waveguide for SSPs enhanced reflectivity at the 

output facet is a parallel plate waveguide working in TEM mode. The concept of the 

two-dimensional inhomogeneous artificial dielectric for the last project is based on 

the effective refractive index of a PPWG working in TE1 mode.  
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Chapter 2 

Background 

2.1.  Terahertz Time-Domain Spectroscopy  

Terahertz time-domain spectroscopy (THz-TDS) is a powerful tool widely 

used in the terahertz community. Basically it consists of an ultrafast laser, an optical 

delay line, a THz transmitter and a THz receiver. In this technique, the electric field 

of the radiation is measured in the time-domain, and then the time-domain 

waveform yields both the amplitude and the phase of the radiation in frequency 

domain through Fourier transformation. For the THz transmitter, there are two 

different ways to generate THz waveform in the THz-TDS system: optical 

rectification and photoconductive switch (photoconductive antenna). The optical 

rectification method has a broader band-width in the spectrum while the 

photoconductive antenna gives a better signal-to-noise ratio (SNR).  For the THz 

receiver, there are also two different methods to detect THz radiations: electro-optic 
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sampling, which is the inverse of the second-order non-linear phenomenon working 

for optical rectification, and the photoconductive switch. In the scope of this thesis, 

we only use the THz-TDS systems that have photoconductive switches for both THz 

wave generation and detection.  

 

Figure 2.1 Schematic of a fiber-coupled THz-TDS system 

The diagram of a typical fiber-coupled THz-TDS system is shown in figure 

2.1. The Ti:Sapphire femtosecond laser generates a series of ultrafast pulses, which 

have a duration of ~100 femtosecond and center wavelength of 800 nm working at 

a repetition rate of 80 MHz. The ultrafast pulse first goes through a grating group 

velocity compensator, which pre-compensates for the group velocity dispersion that 

the THz pulse suffers from the propagation in optical fibers in later stage. The free 

space laser pulse is then coupled into an optical fiber, which is connected to the 
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THz-TDS controller unit. The power conversion rate from the free space wave into 

the wave in the optical fiber is less than 50%. In the THz-TDS controller unit, the 

laser beam is split in two: one goes straight to the transmitter head, which contains 

a photoconductive switch for THz generation; the other part is guided into a fast 

free-space scanning optical delay line, which provides a time-delay between the 

gating femtosecond laser pulse and the THz wave, and then goes into the receiver 

head. Since both the transmitter and receiver heads are fiber-coupled, they can be 

conveniently moved without changing the optical set-up. A typical THz radiation 

obtained from a commercialized fiber-coupled THz-TDS system is shown in figure 

2.2. This is the THz source for all the experimental work described in this thesis. 

 

Figure 2.2  A typical THz waveform obtained from a THz-TDS system. The 
electric field of the THz radiation is measured on time domain (left). The 
spectral electric field amplitude and phase of the THz pulse is extracted from 
a fast Fourier transform (right). 
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2.2. Terahertz Near-Field Imaging 

The terahertz radiation has a number of unique characteristics, making it a 

good candidate for a lot of applications in imaging and sensing. For example, most 

polar molecules in the gas phase have very sharp absorption lines (called finger 

prints) in the THz range, resulting from the unique rotational or ro-vibrational 

spectra of the absorbing species [20]. THz waves penetrate most dry, nonmetallic 

and nonpolar substances, such as plastic and cardboard, and also collect 

spectroscopic information of the contents inside an opaque box. In addition a wide 

range of explosives have unique spectral information in the THz region [21]. Due to 

these properties, the THz wave is good for package scanning, quality control and 

security inspection. Therefore this method of using terahertz radiation for imaging 

and sensing has been one of the most active research areas in the THz community 

for many years [20, 22, 23]. A recent comprehensive review of the advances in THz 

imaging can be found in a publication from Mittleman Group [23].  

The THz imaging techniques using far-field method have a wavelength-

related limit on resolution. According to Abbe’s law, the far-field microscopy has a 

resolution limit because of the diffraction nature of propagating electromagnetic 

waves. The minimum length that can be resolved in the image is expressed in the 

formula as below: 

                                                   
2

d
NA


                                                                    (2. 1) 
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where d is the resolution, λ is the wavelength and NA is the numerical aperture of 

the imaging optics. For a typical THz radiation, the wavelength is 0.3 mm at 

frequency 1 THz, and even longer for the radiation at lower frequencies. This 

diffraction-based resolution limit constrains the ability of THz imaging to resolve 

small features bellow the wavelength, the details of such features are of more 

interests in some studies.   

To overcome this limit, a variety of aperture-based and aperture-less near-

field (evanescent field) microscopy techniques have been introduced into the THz 

imaging community since the first demonstration in 1998 [24, 25]. The challenges in 

near-field imaging are that the evanescent waves, which contain information on a 

sub-wavelength scale, are strongly localized on the sample surface and do not 

propagate into the free space. In the near-field technologies, the evanescent field 

information of the imaging object is collected and used to make images by various 

methodologies. Most of them involve a disturbance of the evanescent wave. This 

disturbance helps couple the near-field waves into freely propagating waves or the 

waves propagating in a waveguide (aperture), which are then collected at a THz 

receiver. Since the measured signals contain the near-field information, these near-

field techniques improve the resolution significantly.  

One category of THz near-field imaging techniques is aperture-based. In this 

technique a sub-wavelength aperture is held close to the imaging sample for 

illumination or for signal collections. The first aperture for THz near-field imaging 

was a tapered conical metal tip, with a sub-wavelength opening at the narrow 
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end[24]. This probe could be raster-scanned across a planar object with an imaging 

resolution determined by the size of the aperture as well as the distance between 

the aperture and the imaging object. However there are two undesired effects with 

this aperture-based near-field imaging technique. One is that the power 

transmission through the sub-wavelength aperture is usually very small, with a 

transmission coefficient decreasing approximately as the sixth power of the 

aperture size [26, 27]. For example, reduction of one magnitude on aperture 

diameter, which improves imaging resolution of only a magnitude, causes a loss of 

six magnitudes in signal to noise ratio. The other effect is the waveguide effect of the 

aperture. Since the aperture is essentially a waveguide, it has a cut-off frequency 

that is roughly inversely proportional to its cross-sectional size. For the waves of 

frequencies below the cut-off, the omega loss of the aperture is so overwhelming 

that nearly no signal can be detected. Thus this poses a limit on aperture size for the 

imaging using waves at a fixed frequency. Below this limit the signal of interest is 

cut off. Another challenge that is unique to the imaging technique using broad-band 

THz waves is the associated strong dispersion [24, 28, 29]. If the aperture has a cut-

off close to the frequency spectrum of the pulsed signal, the transmitted signal 

suffers from a strong dispersion and becomes chirped with a long tail after the main 

pulse. Weighing all these factors, the resolution of the aperture-based near-field 

technique is usually very difficult to exceed a twentieth of operating wavelength [30, 

31]. 

An alternative near-field imaging technique is aperture-less scanning optical 

microscopy (ANSOM), which was first developed in optical and infrared regions in 
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the 1990s and was implemented in THz range in the 2000s[32, 33]. In a typical THz 

ANSOM experiment, a metal probe with a sharp tip is held close to the imaging 

object and an incident THz beam is focused onto the area between the probe tip and 

the sample. A few groups have reported different methods to collect the near-field 

signals [32-35]. In one method the metal probe is connected to a piezoelectric 

transducer being modulated at a frequency. The vibration of the probe is in a 

direction normal to the sample surface. This vibration of the micron scale 

introduces a spatial modulation to the scattered electromagnetic wave under the 

metal tip. The piezoelectric transducer is driven by an AC signal at a fixed frequency, 

which is then used as a reference to amplify the scattered waves [33-35]. A near-

field image  of nanometer resolution has been demonstrated that utilizes this 

ANSOM method [33].  

As a part of my PhD thesis, I introduced a novel near-field imaging probe 

which is based on a spacing-tapered parallel-plate waveguide. This probe doesn’t 

have the undesired effects that commonly come with the aperture-based near-field 

imaging techniques, such as the undesired dispersion and high propagation loss. I 

demonstrated the two-dimensional imaging ability of the novel probe by combining 

it with a filtered-back-projection method.  A feature of ~100 µm is resolved in the 

image by using a THz wave of an average wavelength of 1.5 mm.  
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2.3. Terahertz Surface Plasmon-Polaritons (SPPs) 

Collective electric charge oscillations at the interface between an insulating 

dielectric medium and a conductive medium are known as surface plasmon-

polaritons (SPPs) or surface waves. For example, in 1907 Zenneck reported the 

propagation of radio waves on the surface of the earth [36].  Surface waves are 

usually excited by electromagnetic waves and propagate on the interface between 

the two mediums in a wave form. Generally, the surface plasmon-polariton has an 

effective wave vector (ksp) larger than the wave vector of electromagnetic waves at 

the same frequency in the vacuum (k0). Thus the wave vector normal to the metal 

surface ( 0 spk k ) is imaginary, which makes an energy confinement of surface 

waves on the interface. The strength of this confinement depends on the difference 

between ksp and k0. Theoretically the wave vector of surface waves mostly depends 

on the response of the conductive mediums to the interacting electromagnetic 

waves.  For most common metals, such as aluminum and gold, the surface wave 

vector (ksp ) shows significant difference from the wave vector in free space (k0) at 

frequencies of the visible range. In the last two decades, SPPs in the infrared to the 

visible light range have been intensively studied, inspired by suprising phenomenon 

of the extrodinary transmission through subwavelength apertures on a metal sheet 

[37-39].  

At terahertz frequencies, due to the relatively weak electromagnetic 

response of the metal [40, 41], surface waves are loosely bounded to the metal-

dielectric (air) interface.  Thus the effective wave vector (ksp) of the surface waves 
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parallel to the metal-dielectric interface is almost the same as that of the free 

propagating electromagnetic waves (k0), which makes it difficult to differentiate the 

bounded surface plasmon-polaritons and free propagating electromagnetic waves 

parallel to the metal-dielectric surface.  

A simple context of a surface plasmon polariton is the surface wave 

propagating on a planar interface between air and metal [42-45]. The in-plane wave 

vector of the SPPs on a planar interface is expressed as  

                             
0( ) ( ) / ( ( ))d m d mk                                                    (2.2) 

Where d  and ( )m   are the complex permittivities of the dielectric and metal 

respectively, 0k  is the wave vector in vacuum. The dielectric d  is weakly dependent 

on frequency  for most dielectrics, such as the air of ε0. However the metallic m  is 

strongly dispersive for most metals or conductive dielectrics. When m  is much 

larger than d , the wave vector of surface waves is 
0( ) dk   , approximating to 

the dispersion relation of freely propagating electromagnetic waves in the dielectric. 

At a frequency when  m  is a complex number with negative real-part and the 

amplitude of real-part is equal to d , ( )  reaches it maximum. The surface waves 

at this frequency become very lossy and stop to propagate on the metal-dielectric 

interface. The frequency at which  ( )   reaches maximum is called an asymptotic 

SPP frequency.  
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               The asymptotic SPP frequency is intrinsically defined by the dispersion 

curve of the metal. We used a simplified Drude model to approximately describe 

metal permittivity as below: 

                                                          
2

2
1

p

m





                                                                      (2.3) 

where 2 *

0/ ( )p Ne m   is the bulk plasma frequency of the meal, e is the electron 

charge, N is the density of electrons on the metal surface, and *m  is the effective 

mass of the electrons.  When electromagnetic wave frequency becomes / 2p , the 

permittivity of the metal at this frequency is -1, and the permittivity of the air is +1, 

the wave vector of the surface wave reaches maximum. Thus the asymptotic 

frequency of the surface waves on the metal-air interface is / 2p . For common 

metals, such as Al, Au, Ag, their asymptotic frequency for air-metal interface is 

located in the visible and ultraviolet range. At Terahertz frequencies, the dispersion 

relation of SPP is close to dispersion curve in free space, or called light line, and the 

effective wavelength on the plane is approximate to the free space wavelength. Thus 

the SPP at THz is poorly confined on the surface, and are called Sommerfeld or 

Zenneck waves [36, 46].  
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2.4. TE1 Mode in a Parallel-Plate Waveguide and a Two-

dimensional artificial dielectric 

The parallel-plate waveguide (PPWG) that works in the fundamental mode 

(TEM mode) has been investigated as a platform for many fundamental and applied 

researches. It has excellent waveguide properties for propagating the broad-band 

THz waves with low-loss, no-cut-off and nearly no-dispersion [17, 19, 47-50]. 

Because of the undesired cut-off frequency, the high order waveguide modes of 

PPWG (TE1 or TM1) have not been studied for practical applications until very 

recently [15-17, 51-54]. A PPWG working in higher modes has a strong propagation 

loss and a strong dispersion for the single pulse, due to its cut-off frequency. Recent 

interests in the first transverse-electric (TE1) mode of a PPWG were inspired by its 

potential use for an extra-low loss, low-dispersion and low-diffraction waveguide 

for the THz radiations [15, 16, 53-55]. Compared to the other waveguides, this novel 

waveguide was theoretically expected to have a loss as low as a few dB/km, which is 

a world record of the THz waveguides [16].  

Basically, a parallel plate waveguide working in the TE1 mode has a cut-off 

frequency expressed as bellow[18]: 

                                                                 
2

c

c
f

b
                                                                   (2.4) 
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where c is the speed of light in vacuum, b is the plate spacing of the PPWG. The 

phase velocity of the propagating waves in the TE1 mode can be expressed by the 

formula bellow: 

                                                             
21 ( )

p

c

c
V

f

f





                                                          (2.5)     

where f is the frequency of the electromagnetic waves.  

The concept of a two-dimensional artificial dielectric was exploited in this 

thesis. Basically this concept relays on the fundamental definition of the refractive 

index: the effective index of refraction in a medium is equal to the ratio of the speed 

of light in vacuum (c) to the phase velocity (
pV ) of the electromagnetic wave in the 

medium. When the parallel-plate waveguide works in the TE1 mode, the space 

between the two metal plates has an effective refractive index defined by the 

equation below: 

                                                 
21 ( )c

p

c f
n

V f
                                                                   (2.6) 

             When the parallel-plate waveguide works in the TE1 mode, the space 

sandwiched by the two metal plates becomes an artificial medium with refractive 

index varying between a value close to unity and zero. This concept has been 

previously demonstrated in the terahertz frequencies by a series of experiments, 

which were designed to achieve some classical optical phenomenon, such as the 

total internal reflection, the Brewster’s effect and the convergent PPWG-lens [15, 
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54, 56]. Although this is a new concept in the THz community, similar concepts at 

microwave frequencies have been investigated half a century ago [57-61].  

In this thesis, we investigated this concept by engineering the index of 

refraction between the two metal plates in order to manipulate the electromagnetic 

wave propagation. By substituting the cut-off frequency 
2

c

c
f

b
  into (2.6), the 

effective index of refraction is calculated as: 

                                                           
21 ( )

2

c
n

bf
                                                            (2.7)  

      For a fixed frequency, the index of refraction in the 2-D artificial medium 

can be engineered by changing the separation b between the two metal plates. This 

engineer-able 2-D inhomogeneous artificial dielectric offers a new approach to 

achieve a 2-D matamaterial, and opens up the possibilities to control the flows of 

electromagnetic waves in counter-intuitive ways[62].  

I showed the collaborated work with Dr. Rajind Mendis on demonstrating 

the application of the 2-D artificial medium to implement a THz mirage device. The 

mirage device was designed by the author of this thesis using the ray tracing 

simulation and the 3D full-wave FEM simulation [63], and  was demonstrated in 

experiment by Dr. Rajind Mendis.  
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Chapter 3 

Terahertz Wave Broadband Near-field 

Imaging 

3.1. Background 

There have been continuous interests in terahertz near-field imaging in the 

past decade, motivated by development of THz time-domain spectroscopy 

technique [20, 24]. The spectral window of THz-TDS covers the range from 0.1 THz 

to 10 THz, which is rich of spectral information. One of the challenges of near-field 

imaging using broad-band THz waves include the resolution limit due to the wave 

diffraction, which is usually in millimeter scale. To overcome this diffraction-based 

resolution limit, a variety of aperture-based and aperture-less near-field imaging 

techniques have been developed [24, 32, 64, 65]. These aperture-based and 

aperture-less imaging probe can successfully reduce the resolution down to 

nanoscale [33].  
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For the aperture-based imaging technique, as the imaging probe reduces the 

tip size, the propagation loss in the probe increases exponentially. Also the pulsed 

THz wave suffers from a strong chirping effect, due to the dispersion associated 

with the cut-off of the probe. These undesired effects continue to pose significant 

challenges to the near-field techniques for broadband THz imaging [23].  

The PPWG has been an excellent platform for many THz applications in the 

last decade, for its incomparable properties as a waveguide which has low-loss non-

cut-off and low-dispersion [19, 66-69]. Recently, a PPWG with small plate spacing 

was used as a line-illumination probe for broad-band THz near-field imaging [49]. In 

that work, the transmission signals through the waveguide were used as a line 

illuminator and the signals passed through sample were collected by a single 

receiver. Then all the collected signals were used to reconstruct a sub-wavelength 

image based on a filtered back-projection algorithm. However, the reflection loss at 

the output aperture of the PPWG is dominant according to the recent study on the 

reflection coefficient from the output facet of a PPWG [55].  

A more recent technique that utilizes a tapered parallel-plate waveguide 

(PPWG) for delivering broadband THz pulses into a sub-wavelength scale has been 

studied both theoretically [70] and experimentally [71, 72]. In this technique the 

plate spacing of a PPWG is tapered from a large size at the input into a sub-

wavelength size at the output. To minimize the reflection loss in the tapering 

process, the slope of the spacing change is kept small and smooth.  This tapered 

PPWG has an advantage of efficiently quasi-optically coupling the free space broad-
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band THz waves into the waveguide. The coupled waves are then delivered to a sub-

wavelength aperture [19, 73, 74]. In this chapter, I investigated the tapered parallel-

plate waveguide (PPWG) as a candidate for an imaging probe (Fig 3.1), which 

overcomes the resolution limit, the strong propagation loss, and undesired 

dispersions for near-field imaging.   

 

           Figure 3.1 – Schematic of a tapered-parallel-plates probe (the front 
facet of the top plate is set as transparent). The cross-section shows 
simulated electric field distribution in the tapered PPWG (FEM ).   

We use the reflected wave for imaging, because there is a conflict between a 

good imaging resolution and a good signal-to-noise ratio by using the transmissions. 

For a parallel-plate-waveguide, the impedance mismatch between the characteristic 

impedance of the waveguide and that in the free space increases as the plate spacing 
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decreases, resulting to a decreased transmission. For a rough approximation, the 

amplitude of the transmitted radiation decreases approximately as the ratio b/λ, 

where b is the plate spacing [75]. Thus for a better resolution, a PPWG of a smaller 

the plate spacing should be used, which then puts more loss on the transmission 

signal. Using the reflected wave, rather than relying on the transmitted wave, 

permits us to avoid the concerns associated with large reflection due to the wave 

impedance mismatch, and therefore achieve better spatial resolution and an 

improved signal-to-noise (S/N) ratio. Similar techniques have been demonstrated at 

millimeter wave frequencies [76, 77].  

3.2. Filtered Back Projection 

In this section I give a brief introduction to the filtered back projection 

method, which is a matured methodology widely used in medical imaging.  The 

essential step in the filtered back projection is a Radon transform, which is named 

after the Austrian mathematician Johann Radon [78]. Basically the Radon transform 

is the integral transform consisting of the integral of a function over straight lines. 

Let ( , )f x y  be a continuous function vanishing outside a large area in Euclidean 

plane R2, where ( , )f x y  could be a density function of a target patient, or the grey 

scale of an image. The Radon transform is a function defined on a set of straight 

lines L in R2 by the line integral along each line,  

( ) ( , )
L

Radon f f x y dL                                                          (3.1) 



 23 

               The straight line L can be described by two parameters, α and s, where s is 

the distance between line L and the origin point, and α is the angle the normal vector 

to L makes with x axis. Thus Radon transform can be expressed by the two 

parameters as:  

         ( )( , ) (( sin cos ),( cos sin ))Radon f s f t s t s dt    



              (3.2) 

where t is a length on the integral line.  

  The Radon transform of an image can be plotted as a function of s and α, 

which is often called sonogram. The name originates from a fact that the Radon 

transform of a Dirac delta function is a sine wave on the graph. In the imaging 

process, such as that in Computerized Tomography techniques [79], the radon 

transform is usually applied in an inverse way. Because the measured signals, which 

would then be used as the input to the transform, are the line integrals of the sample 

image according to the instrument settings. To reconstruct the original image 

( ( , )f x y ) from the measured signals, an inverse radon transform is usually 

performed. Explicit and computationally efficient inversion formulas for the Radon 

transform and its dual are available [78, 79]. In our study, we used the build-in 

function in MATLAB for inverse radon transform. The syntax in MATLAB is as: 

                                          ( , )I iradon R                                                          (3.3) 

where I is a matrix for the reconstructed image, R is a matrix corresponding to the 

Radon transform of the sample image. Columns of R represent s while rows of R 
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represents α, as shown in (3.2).  Advanced parameters of this function can be found 

in the help file in MATLAB.   

3.3. Imaging With A Tapered Parallel-Plate Waveguide Probe 

The experimental set-up consists of a THz-TDS system, with the fiber-

coupled transmitter and receiver positioned as shown in Fig 3.2. The transmitter 

and receiver are situated close to the focal plane of a Teflon lens that has a focal 

length of 6 cm. The tilt angle between the transmitter and receiver is 10⁰. An 

aluminum-foil shield is located between the transmitter and receiver to block any 

interference between them. In order to excite the TEM mode in the PPWG, the input 

THz waves are polarized perpendicular to the waveguide plates. A plano-cylindrical 

Teflon lens of 1.2 cm radius and 4 cm length is used to couple the incident THz 

waves into the waveguide and also couple the reflected waves out of the waveguide. 

The PPWG has a width of 5 cm and a spacing tapered from a large size (~ 1.5 – 2 

mm) at the input facet to a much smaller size (~ 20 – 100 µm) at the output facet, 

within a propagation length of 2.5 cm. This tapered PPWG transfers the broad-band 

waves into the sub-wavelength output facet, so that it can serve as a near-filed 

probe with the resolution determined by the output spacing size [49, 71, 72]. The 

imaging sample mounted on the rotation stage is placed in a close proximity (down 

to ~ 20 µm) to the output facet of the waveguide. The two motion-control stages are 

used to scan the sample position relative to the waveguide. The measured data are 

then used to reconstruct the images by the filtered-back-projection algorithm. [49, 

78] 
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Figure 3.2 –Schematic of experimental set-up  

In order to investigate the imaging capability of the probe working in a 

reflection mode, we characterized the reflected signals from the output aperture of 

PPWGs in different geometries. The sub-wavelength aperture at the output facet 

results in an impedance mismatch between the characteristic impedance of the 

waveguide and that in the free space. This leads to a reflection of the propagated 

signal back into the waveguide [75, 80, 81]. We measured the reflected signal from 

the output facet for three cases: a PPWG with a spacing of 2 mm, the same PPWG 

with a mirror closely attached to the output facet, and a PPWG with the plate 

separation tapered from 2 mm at the input to 200 µm. For the untapered PPWG 

without the mirror, the reflection is nearly zeros as expected. We note that the 

broadband reflection from the tapered PPWG (solid line in Fig 3.3(a)) is comparable 

in amplitude to the reflection from the mirror at the end of the untapered PPWG 
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(dashed line in Fig 3.3 (a)). Thus, this tapered PPWG probe reflects most of the input 

signal, making it feasible to work in reflection mode. We also note that there is some 

low-pass filtering in the reflected signal caused by the impedance mismatch, which 

can be readily understood by the b/λ throughput that we mentioned in section 3.1. 

Furthermore, the fact that these two signals are comparable is a good indication of 

the higher S/N ratio that is achievable in the reflection geometry compared to a 

transmission one, at these small output plate separations.  

Then we characterize the effect of a flat object (made of glass, silicon, or 

aluminum) situated at the waveguide output. We taper the PPWG spacing from 

1.5mm to 20 µm and consider the change in the reflection coefficient induced by an 

object placed in close proximity (~20 µm) to the output facet. Due to the higher 

refractive index compared to air, this object modifies the impedance mismatch and 

leads to a change in the reflection. This change in the reflection depends on the 

distance from the object to the output facet, as shown in Fig. 3.3 (b). We note that in 

our experiment, it is not possible to have the object exactly in contact with the very 

edge of the probe due to practical considerations. The closest possible distance 

between the object (substrate) and the output facet of the tapered PPWG is ~ 20 µm. 

Counter intuitively, at this distance, we do not observe a perfect mirror-reflection 

from the aluminum object. This is better understood via numerical simulations of 

the physical problem using the finite-element method [63]. These results (Fig. 3.3 

(c)) reproduce our measurements qualitatively, indicating a turning point in the 

curve as the object is brought closer. To understand this further, we could imagine 

that when the object is 20 µm away from the output facet, it forms a waveguide T-
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junction with the 20 µm plate spacing at the output facet. This could help to guide 

energy out of the waveguide along the output facet, leading to the observed drop in 

the amplitude of the reflected signal. We note that in our simulation, when the 

aluminum object is in perfect contact with the output facet, there is an almost 100% 

reflection, as expected. 

When the object is moved further away from the output facet, there are 

fewer disturbances to the near field, and a much stronger reflection results. The 

reflection keeps increasing until the distance is about 0.1mm and results in a 

relatively stable reflection beyond this point. Based on this result, a topographic 

feature on a sample of height 0.1mm or less could be identified by the change in the 

reflection. This change is due to the disturbance to the waves in the near field, which 

extends from the end of the waveguide to a distance roughly equal to the waveguide 

gap [80].  We also note that in both Figs. 3.3 (b) and 3.3 (c), at any particular 

distance within the transient regime, the reflected signal differs for different 

substrate materials. Therefore, the tapered-PPWG probe in reflection mode is able 

to differentiate both topographic features and dielectric properties of the sample. 
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Figure 3.3 (a) Time-domain reflections from an untapered PPWG of plate 
spacing 2mm with attached mirror and from a PPWG with tapered plate 
spacing, from 2mm to 200 lm. (b) Measured reflected electric field as a 
function of sample distance to the waveguide output facet, for glass, silicon, 
and aluminum (flat) samples. (c) Simulated reflection coefficients 
corresponding to the configurations in (b). 
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To further investigate the imaging capabilities, we used a sample consisting 

of a gold pattern on a GaAs substrate, as shown in Fig. 3.6 (a). This sample is 

essentially flat (within ~ 100 nm), so no topographic information is retrieved. 

However, we show that it is possible to obtain information based on the dielectric 

contrast. We scan the sample across the output facet of the tapered PPWG in a 

direction normal to the plates (x direction in Fig. 3.4). The spacing at the output 

facet of the tapered-PPWG probe and its proximity to the sample determine the best 

resolution this imaging technique can achieve[23]. This tapered PPWG gives high 

resolution only in one direction: the direction normal to the plates. To obtain a two 

dimensionally resolved image, a linear scan (x-scan) alternating with a rotational 

scan (Fig 3.4) of the sample was carried out based on the filtered-back-projection 

(FBP) approach, as discussed in last section. The maximum length on the sample is 

~ 4.5 mm, so the linear scan range is set as from 0 mm to 9 mm with a step of 20 µm, 

to make sure the complete sample area is covered. The rotation is around the optical 

axis of the input beam, covering a range from 0⁰ to 175⁰ with a step of 5⁰. In total, 

16,236 projection time-domain signals were recorded, and each signal has 

frequency components ranging between 0.01 THz to 0.9 THz. To improve the S/N 

ratio, each projection signal was averaged over 10 iterations. Fig 3.5 (a) shows a 

surface plot of one set of typical time-domain signals in one linear scan at the angle 

of 0⁰. We observe that as the imaging sample is scanned across the probe, there is a 

valley of the time-domain amplitude along the linear scan direction, which reflects 

the dielectric information on the sample. The tiny variation of the signal amplitudes 

represents the features of the good pattern on the sample. The time-domain signals 
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are Fourier transformed, and the spectral information is extracted for image 

processing. Fig 3.5 (b) gives an example of the sinogram for the imaging sample, the 

signal amplitude of which is extracted from the spectrum at frequency of 0.3 THz. In 

order to further improve the S/N ratio, we use the integral of the spectral amplitude 

over a range of frequencies to reconstruct the image [78]. The chosen spectral range 

was from 0.05 THz to 0.5 THz (λ ~ 0.6–6 mm). Thus the spectrally weighted mean 

wavelength used for image reconstruction is 1.5 mm. 

 

Figure 3.4 Schematics of the sample scanning in front of the imaging probe. 
The imaging sample is alternately linear scan and rotational scan across the 
probe. The Rotational scan is in a range of 0⁰ to 175⁰ with a step of 5⁰ and the 
linear scan is in a range of 0 to 9 mm with a step size of 20 µm. 
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Figure 3.5 (a) Surface plot of one set of  time domain signals for a linear scan 
at angle 0⁰.  (b) The sinogram of the imaging sample in figure 3.6 (a), the 
signal amplitude is extracted from spectrum at frequency 0.3 THz.  

The sub-wavelength output facet of the tapered PPWG produces high-aspect-

ratio illumination with a beam profile that is frequency independent in the x 

direction (across the plates) and frequency dependent in the y direction (parallel to 

(a) 

(b) 
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the plates) [49, 71, 72]. In our experiment, the input beam has a Gaussian shape 

with a beam waist of 1.5 cm at the input face of the PPWG, which is considerably 

larger than the sample size (~4.5 mm). Therefore, it is reasonable to assume the 

illuminating intensity to be uniform across the illuminated area on the sample in 

both x and y directions and take a single signal as an integral of the sample 

information over the output facet area, including topographic and dielectric 

information. 

 

Figure 3.6 (a) Sample image under optical microscope; (b) Reconstructed 
sample image by the filtered back projection algorithm.  
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Ideally, the inverse radon transform reconstructs the image from line 

projections. With our tapered-PPWG probe, the line width is determined by the 

output face in the minor axis direction, which is 20 µm. So, the resulting image 

obtained from the FBP algorithm is a convolution of the original image with the 

system point spread function, which is a two-dimensional Gaussian with the spatial 

extent of the output facet size [49, 78]. The reconstructed image is shown in figure 

3.6 (b), in comparison to an image under optical microscope (fig 3.6 (a)), which has 

a resolution of a few hundreds nanometers. In the reconstructed image, the GaAs 

substrate and antenna features as small as 100 µm can be readily identified. A better 

resolution (~ 20 µm) was not achievable since the sample was not in perfect contact 

with the output facet. In this work, the imaging processing is performed in MATLAB, 

and the inverse radon transform is conducted by using the intrinsic function 

iradon() in MATLAB.  

In this chapter, I discussed a tapered PPWG as a probe for broad-band THz 

near-field imaging. The tapered-PPWG probe reflects part of the incident radiation 

with information from the near field at the output facet. The reflectance is very 

sensitive to both the topographic and dielectric information of the sample. This one-

dimensionally-tapered-PPWG probe provides a good line illuminator with a high 

aspect ratio. A single reflection signal is treated as the line integral of the sample 

information along the probe area. The FBP algorithm is used to reconstruct the 

image from the spectral amplitude of the average wavelength of 1.5 mm. Features of 

size ~ 100 µm can be qualitatively identified in the reconstructed image. 
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Chapter 4 

THz Surface Plasmon Polariton:   

Waveguide Mode of a Finite Width 

Parallel Waveguide and a Designer 

THz Resonator Based on Enhanced 

Reflectivity by Spoof Surface Plasmon 

4.1.  Surface Plasmon in THz spectrum 

4.1.1.  Background 

Recent  interests of surface plasmon polariton (SPP) has been inspired by the 

observation of extra-high transmission of optical waves through sub-wavelength 

hole arrays on a thin metal sheet [82]. Similar ultra-high transmissions are also 

observed in both infrared and THz spectra [37, 83]. The development of surface 
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plasmon technologies have a lot of practical applications, such terahertz surface 

plasmon spectroscopy for bio-sensing, planar metal plates surface plasmon 

waveguide [40, 41, 84].  

The metallic response to the electromagnetic waves at terahertz frequencies 

is relatively less explored experimentally, and it is not exactly predicated by the 

theory. One example is the wave decay length of surface plasmons into the free 

space, which was observed shorter in THz range than that predicted by extending 

the metallic properties from infrared with a traditional Drude model [40, 85]. The 

surface optical smoothness of the metal sheet is considered as one cause of this 

difference [40]. In the physical picture, rough surface can be approximately mimiced 

as a surface with surface gratings or sub-wavelength surface structures, which have 

been demonstrated to change the propagation properties of the surface waves on 

the perfect metal surface ([37, 41, 44, 86-88].   

4.1.2.  Surface Plasmon (Plasmonic) Effect in a Finite Width Parallel-Plate-

Waveguide 

Parallel-plates waveguide (PPWG) has been the platform for many THz 

applications, because it has good qualities as a waveguide, such as low-loss no-cut-

off and non-dispersion [19]. The early description of the fundamental mode (TEM 

mode) for a PPWG in THz community was based on the theory developed from 

microwave frequencies, where the metal is treated as perfect metal boundary [18, 
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19, 47, 49, 68]. In this description, the PPWG working in the TEM mode has a 

uniform filed distribution across the space between the metal plates. Recently, the 

surface plasmon effects on the waveguide mode have been observed at terahertz 

frequencies for both finite width and infinite width parallel-plate waveguides [71, 

72]. When surface plasmon effects play a role in wave propagation in the PPWG, the 

fundamental mode of the waveguide has more energies confined on the metal 

surface than in the middle between the two plates [89]. This makes the field 

distribution across the two metal plates non-uniform, in comparison with that in the 

traditional TEM mode. When the PPWG has a finite width, the excited edge surface 

plamons confine more energies at the four corners of the waveguide cross-

section[72].   

In chapter 4.2, we introduce our work on the characterization of the surface 

plasmon effect for a finite width parallel-plate waveguide, which works in a 

fundamental waveguide mode. In our study, we show that the plasmonic effects can 

be influenced by the geometry of the waveguide, and a sharp waveguide mode 

transition from the traditional TEM mode to the plasmonic mode is observed at 

terahertz frequencies.  

4.1.3.  Spoof Surface Plasmons 

As discussed in Chapter 2, surface wave propagations on a planar interface 

between a dielectric and a metal mostly depend on the electromagnetic responses of 
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the metal. For an interface between a dielectric (e.g. air) and metal (e.g. Al), there is 

an asymptotic frequency at which the in-plane wave vector of SPPs reaches 

maximum. The asymptotic frequency is the up-limit of dispersion curves of surface 

plasmon polaritons (SPP), which influences the propagation of surface waves.  The 

asymptotic frequency is intrinsically determined by the properties of both the metal 

and the dielectric, as expressed by  equation (4.1),  

                                                    / 1asp p d                                                                   (4.1) 

where asp  is the asymptotic frequency, p is the bulk plasma frequency, d is the 

permittivity of the dielectric (In chapter 2).  

                In terahertz range, most common metals (e.g. Al, Au) in terms of 

electromagnetic response can be treated approximately as a perfect metal. The 

energy of the surface waves confine very loosely on the metal surface. However, 

there are a few ways to change the properties of surface wave on a highly 

conductive metal surface. One method is to cut a pattern of periodic Bragg gratings 

on the metal surface. The surface waves on the patterned interface have a strong 

Bragg reflection at particular frequencies and stop to propagate when interacting 

with the periodic potential [13, 45, 90]. The Bragg grating changes the propagation 

properties of the surface waves by forming “artificial band gaps”.  
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Another completely different method to engineer the dispersion curve of SPP 

on a metal surface is by using sub-wavelength structures [87, 91, 92]. The metal 

surface corrugated with sub-wavelength structures supports a well-confined 

electromagnetic surface wave even for a perfect metal, as if the surface wave 

propagates on an artificial surface with designed metal properties. This kind of 

surface plasmon is also called “spoof” surface plasmon. For a metal surface with 

micro-structures (e.g. periodic rectangular grooves), the collective resonant 

interaction between propagating electromagnetic wave and reflecting wave from 

the bottom of the structure significantly slows down the surface wave, making a 

localized SPP mode.  

The dispersion curve of the spoof surface wave is determined by the 

geometry of the structures. We conducted a simulation using the finite element 

method for a simple example, that is a perfect metal surface with a set of periodic 

rectangular grooves [63]. In the simulation, the surface is set as a perfect metal 

boundary, the periodicity (d) of the pattern is 0.024” ( 609 m ), the width (a) and 

depth (h) of the rectangular groove are 0.006” ( 152 m ), and 0.011” ( 279 m ), 

respectively. 

Unlike the electromagnetic wave propagation on a bare perfect metal surface, 

wave propagation on this micro-structured perfect metal surface shows a strong 

energy confinement on the patterned surface (Fig 4.1). Also the in-plane wave 
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vectors of the surface wave are different with respect to its frequencies [63] (Fig 

4.1(a) and (b)). This is a strong analogy of the surface wave propagates on a metal 

surface of designed properties (Fig 4.1 (c)). The asymptotic frequency of this metal 

surface is given by [91], 

                                             
2

sp

c

h


                                                                             (4.2) 

where c is the light speed in vacuum, h is the depth of the rectangular groove.   

 

 

 Figure 4.1   (a) The spoof surface plasmon on a corrugated metal surface at 
175 GHz. (b) The spoof surface plasmon on the same structured surface at 
160 GHz. (c) The dispersion curve of the spoof surface plasmon.  

(a) 

(b) 

(c) 
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The spoof surface plasmons can be qualitatively interpreted by a standing 

wave picture at asymptotic frequency [13]. When the surface wave is at the 

asymptotic frequency, the wavelength is four times of the rectangular groove depth 

(equation (4.2)). Therefore the groove acts as a resonant cavity along the depth 

direction. The phase accumulation during a round trip of the groove cavity is 2π, 

including the phase change of π when wave reflects from the metal surface at the 

bottom. This cavity resonance dissipates the wave energy and prevent the surface 

wave from propagating, resulting a band gap at the asymptotic frequency as shown 

in Fig 4.1 c. When the wave frequency is close to the asymptotic frequency, the 

surface wave shows a significant deviation from the light line, leading a confined 

surface wave [13].  

The spoof surface plasmon concept has lots of practical applications, such as 

improving the beam quality and throughput of the THz QCLs [45, 93, 94]. In chapter 

4.3, we show another important application of spoof surface plasmon. We revealed 

that, by patterning the output facet of a parallel plate waveguide (PPWG) with a set 

of designed grooves, the reflectivity at the output aperture of the waveguide can be 

enhanced up to 99%. We show detailed characterizations of this enhanced 

reflectivity by spoof surface plasmon and interpret the observed phenomenon by a 

theoretical model.  A prototype of a novel band-pass THz resonator based on this 

enhance reflectivity was demonstrated in experiment.  
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4.2. Waveguide Mode Transition in Finite Width Parallel-Plates 

Waveguide 

Waveguide with a sub-wavelength cross-sectional dimension is an important 

component for many optical applications, such as that in photonic integrated circuit. 

In particular, the slot waveguide, which has a geometry consists of two metal plates 

separated by a small gap, has been studied extensively as a candidate for a sub-

wavelength energy confinement and low-propagation-loss waveguide [95, 96]. The 

fundamental mode for this type of waveguide structure, which is called plasmonic 

mode, can be excited efficiently and then propagate for a long distance in the 

waveguide. From another perspective, the slot waveguide is structurally 

homologous to a finite-width parallel-plate waveguide (PPWG). In the microwave 

textbook, the fundamental TEM mode of the PPWG has a uniform field distribution 

along the direction perpendicular to the metal surfaces. And this is generally 

considered to be a good description of the spatial mode for many experiments in the 

terahertz (THz) range [19, 47-49, 97]. This mode is, however, quite distinct from the 

fundamental plasmonic mode of a slot waveguide, even in the case of very wide 

metal plates. In this section, I show that this distinction is not merely due to the 

difference in the electromagnetic properties of metals in different frequency 

regimes but is also intimately related to the geometrical parameters of the PPWG. 

Using broadband THz time-domain spectroscopy, we observe a rapid transition of 
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the spatial mode with increasing frequency, from the TEM-like mode of a PPWG to 

the plasmonic mode of a slot waveguide, in a spectral range where the metal’s 

dielectric properties are essentially frequency-independent. We find that the mode 

transition is surprisingly abrupt, and can be shifted to higher or lower frequency 

simply by changing the plate spacing. A geometrically induced mode transition of 

this type has been discussed over 40 years ago [98-100] but has never been studied 

experimentally.  

In the THz regime, metals are good but not perfect conductors, intermediate 

between the almost ideal metal (infinite conductivity) at microwave frequencies and 

the much lower conductivity at optical frequencies, which gives rise to strongly 

bound surface plasmons. In this intermediate regime, the plasmon decay length   

above a flat metal surface is typically a few wavelengths for real metal structures 

[40, 41, 85, 88]. As a result, the fundamental mode of a finite-width PPWG depends 

upon the interplay of three characteristic lengths of comparable magnitude:  , the 

free-space wavelength λ, and the distance between the metal plates b. This interplay 

results in a complex mode behavior, which is readily observable in the THz regime 

as presented here. 

Our experimental approach is based on scattering probe imaging [71, 101], a 

technique for characterizing the spatial distribution of a THz field with sub-

wavelength resolution. The concept is similar to apertureless near-field scanning 
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optical microscopy (ANSOM) [64]. We mount a subwavelength-sized metal 

scatterer, typically a short length of thin metal wire, at the end of a dielectric holder. 

The holder is nearly invisible to THz radiation but the metal object can scatter an 

incident THz wave toward a receiver. As in ANSOM, the position of the scatterer is 

modulated using a piezoelectric actuator, so that the signal reaching the detector 

from the scatterer can be extracted via lock-in detection. Unlike in conventional 

ANSOM, the detection is phase-sensitive, which has significant advantages [34]. For 

example, even if the field to be measured is spatially uniform, the differential 

detection still generates a nonzero signal due to the phase difference induced by 

modulation of the position of the scatterer relative to the (fixed) THz detector [101]. 

We use fiber-coupled photoconductive antennas to generate and detect 

broadband THz pulses. The waveguide consists of two highly polished aluminum 

plates having a width of 1 cm and a length of 25 cm, assembled with a variable plate 

separation b. The THz beam incident on the input face of the waveguide is polarized 

perpendicular to the inner plate surfaces to excite the TEM-like mode, and weakly 

focused to a spot size of ~ 1 cm. The guided wave propagates along the waveguide 

until it encounters the scattering probe at a distance of 22.5 cm downstream of the 

input facet. The scattering probe is positioned between the two metal plates, 

equidistant from both. It oscillates at a frequency of 180 Hz with an amplitude of ~1 

µm, and can be translated into and out of the PPWG, along a line perpendicular to 

the waveguide axis. 
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Fig 4.2 shows typical waveforms detected at three different locations. The 

upper-right inset illustrates a cross-section of the PPWG with dots indicating the 

measurement locations. The lower-right inset shows the corresponding Fourier-

transformed spectra, which can be used to characterize the frequency-dependent-  

 

Figure 4.2.  Signals measured inside (blue), at the edge (red), and outside 
(black) of the waveguide. These locations are illustrated by the cross-
sectional view in the upper-right inset. The lower-right inset shows the 
corresponding spectra, which all have spectral bandwidths similar to that of 
the input THz pulse. These indicate that the scattering probe technique does 
not introduce any significant spectral distortion or bandwidth limitation on 
the measured signals. The left inset shows a photograph of the PPWG with 
the scattering probe inserted between the plates. The plate-width along the x 
direction is 10 mm. 
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-spatial field distribution. Since the PPWG is symmetric with respect to the axial 

plane perpendicular to the plate surfaces, we only need to scan the probe through 

one half of a transverse plane to map the full distribution. We plot the spectra for 

each measurement position, and normalize these plots to unity for each frequency, 

to emphasize the evolution of the spatial distribution of the field with frequency. 

This result is presented along with its mirror image for clarity in Fig. 4.3 (a), which 

shows the result for three different plate separations. 

We observe a dramatic evolution in the field distribution with increasing 

frequency, which depends strongly on the plate separation. At low frequencies, the 

energy is concentrated in the center of the waveguide (x=0), as one would expect for 

the TEM mode [102]. However, at higher frequencies, there is a sharp transition to a 

different mode, where the energy is concentrated near the waveguide’s edges at x = 

 5 mm. This high-frequency field distribution is strongly reminiscent of the mode 

of a slot waveguide exhibiting edge plasmons, which has been predicted for optical 

frequencies [95] and observed in the infrared [103] and THz [71, 72], using near-

field measurements. All three panels in Fig. 4.3 (a) show qualitatively similar 

behavior, except that the frequency at which the transition occurs changes with b. 

This indicates that the transition from a TEM-like mode to a plasmon-like mode is 

determined by geometrical parameters, e.g., the dimensionless ratio b/  or b/λ. 

Evidently, at a particular wavelength one can observe either mode (or any 

intermediate hybrid [98-100] simply by varying b. Figure 4.3 (b) shows numerical 
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two dimensional simulations of the experimental configuration, based on the finite 

element method [63]. These simulations do not account for diffractive losses at the 

waveguide edges, an effect which is larger for lower frequencies. Thus, the low 

frequency centralized mode does not weaken at the edges of the PPWG, as it does in 

the experiments. Nevertheless, the mode transition is accurately reproduced, as well 

as its sensitivity to b. 

 

 Figure 4.3 Contour plots of the normalized cross-sectional electric field 
distribution based on (a) experimental data and (b) numerical simulations 
using the finite element method. The horizontal axis gives the location of the 
measurement and the vertical axis gives the frequency. The waveguide 
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extends from x=−5 to 5 mm. Each row of these figures has been normalized 
to unity, in order to remove the spectral dependence of the input pulse and 
emphasize the frequency-dependent mode transition. Results for three 
different values of the plate separation b are shown. 

We can further analyze the results of Fig. 4.3 (a) to understand the 

mechanism responsible for the spatial mode transition. From these results, we 

extract a characteristic frequency at which the transition from the TEM-like mode to 

the plasmon-like mode occurs. We plot two vertical slices, at the waveguide center 

(x=0) and edge (x=5 mm), and define the transition frequency as the cross-over 

point of these two spectral curves. A typical pair of such curves, for b =1.5 mm, is 

shown in the inset of Fig. 4.4, which plots the transition frequencies determined in 

this manner for various values of b (circles). 

We can interpret the approximate inverse relationship between the 

transition frequency and b via an intuitive argument based on surface waves. When 

b is much smaller than the decay length  , there is strong coupling between the 

surface waves propagating on the two plates. Thus, the field amplitude is nearly 

constant along a line from one plate to the other, and the mode is similar to the 

conventional uniform TEM mode [89, 95]. However, when b is comparable to or 

larger than  , then the mode begins to more closely resemble two-independent 

surface waves, one on each metal surface, analogous to the hybrid mode described 

by Barlow [98-100]. For finite-width PPWGs, this field distribution also shows 
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strong enhancements at the edges due to the excitation of edge modes [71, 95]. 

Therefore, the degree of interaction between the two surface waves strongly 

influences the transition frequency. 

We can develop a simple theoretical model to compute this transition 

frequency and compare to our experimental results. We use the analytical 

expressions for the TM polarized waves between two metal plates of infinite width 

[89], and model the metal using Drude theory [104]. From these expressions, we can 

numerically compute the value of the electric field E(y), along the y axis 

(perpendicular to the plate surfaces). For any chosen value of λ and b, we can then 

compute the fractional difference   between the electric fields at the plate surface 

and half-way between the surfaces as  = [E(0) – E(b/2)] / E(0). For an ideal TEM 

mode,  = 0; for two noninteracting surface waves,  = 1. Selecting an arbitrary 

criterion of  = 0.05 as the signature of departure from the low-frequency behavior, 

we can calculate the transition frequency as a function of b. The prediction of this 

model, plotted as a solid line in Fig. 4.4, agrees reasonably well with the transition 

frequencies extracted from the experimental data. 
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Figure 4.4. The transition frequency as a function of the plate separation b. 
The black circles are the experimental results and the solid line is the 
calculated curve from the theoretical model described in the text. The inset 
shows two vertical cuts extracted from the data of Fig. 4.3. (a), for b=1.5 mm. 
The crossover point of these two curves defines the transition frequency. 

In summary, we have conducted frequency-resolved measurements of the 

spatial mode pattern of a propagating wave inside a finite-width PPWG. We observe 

a surprisingly abrupt transition in the guided mode, from a TEM-like mode (with 

energy concentrated in the center of the waveguide) to a plasmon-like mode (with 

energy concentrated at the edges). The frequency of the mode transition depends on 

the geometry of the PPWG, i.e., the plate separation. This is likely to be a general 

result for many types of plasmonic waveguides, and indicates that the behavior of 
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guided plasmon waves can be influenced as much by geometrical effects as by the 

dielectric properties of the metal components. 

4.3. Enhanced Reflection by Spoof Surface Plasmon Polariton 

As we discussed in the introduction, bound surface waves are not supported 

on the surface of a perfect metal with infinite conductivity. However, by adding 

structure to an otherwise smooth metal surface, it becomes possible for the surface 

to support a tightly bound surface wave, known as a spoof surface plasmon (SSP) 

[44, 87, 91, 105]. A promising aspect of SSPs is that their properties can be 

controlled in a range of frequencies by changing the geometry of the patterned 

structures[38, 106]. Many of these previous studies involving THz SSPs have been 

focused on enhancing transmission through a subwavelength structure; the idea of 

using SSPs for enhancing reflection has not been explored.  

In the previous project in this thesis, we have characterized the impedance 

mismatch at the output facet of parallel-plate waveguides (PPWG) and explored 

their application as THz near-field imaging probes (Chapter 3) [75, 107]. We choose 

a PPWG as a design platform because of its popularity as a prototype guided wave 

structure in the THz region.  With a TEM mode having no cut-off, negligible group 

velocity dispersion, and low ohmic losses, the PPWG has proven to be a useful 

platform for many applications involving THz pulses[49, 68, 69, 108, 109].  
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Basically, when an electromagnetic wave propagating in the TEM mode in a 

parallel-plate waveguide encounters a sharp termination of the waveguide, there is 

a discontinuity of the impedance from the characteristic impedance of the PPWG to 

the impedance of free space (~377 Ω). Thus there is a reflection at the output 

aperture resulting from the impedance mismatch, which increases as the plate 

spacing decreases[75, 107].  

Structuring the output facet can allow us to change characteristic impedance 

of the spoof surface plasmons and therefore control aspects of this impedance 

matching. Many of these previous studies involving THz SSPs have been focused on 

enhancing transmission through a subwavelength structure; the idea of using SSPs 

for enhancing reflection has not been explored. In this section, we explore the 

possibility of minimizing the power flow from the waveguide by using spoof surface 

plasmons, so as to engineer a high reflector at the waveguide facet. 

4.3.1. Enhanced reflection using spoof surface plasmons 

Our device is based on an aluminum PPWG. To support SSPs on the output 

surface, a periodic pattern of straight grooves are cut into the output facet of both 

the upper and lower waveguide plates, parallel to the output aperture of the 

waveguide.  The groove patterns on the two waveguide plates are identical to each 

other.  Figure 4.5 (a) illustrates a cross-section of a pattern of five periodic grooves 

on the output facet, adjacent to the waveguide’s exit aperture. The cross-section of a 
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single groove is rectangular, with a fixed width (a) of 152 µm. The plate spacing (b), 

groove depth (h), periodicity (d), and the distance from the first groove to the 

waveguide aperture edge (L) are varied to tune the frequency and strength of the 

surface plasmon coupling [45, 87, 92, 93, 110]. The incident angle θ of the incoming 

beam is varied in the experiment to characterize the reflectivity of the patterned 

facet as a function of angle (Fig. 4.5 (b)).  

 

Figure 4.5 Schematic of waveguide with groove pattern 

To fine tune the geometrical parameters of the groove pattern for the highest 

reflectivity, we conducted numerical simulations using the finite element method 

(FEM) [63]. Figure 4.6 (a) shows an example of the optimized reflectivity. The plot 

illustrates the simulated reflection coefficients as a function of frequency with the 
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parameter settings as indicated in the inset. At the selected frequency (174 GHz), 

the reflection coefficient at the output facet reaches a peak of more than 99% (peak 

reflectivity). The red curve shows a simulation using the same PPWG without 

groove patterns on the output surface, in comparison to the case with five grooves 

on each plate. Clearly, the reflection is greatly enhanced relative to that of a 

waveguide without any groove pattern (which is ~20% for this plate separation).  

Figure 4.6(b) shows a cross-sectional plot of the electric field distribution in the 

neighborhood of the output aperture at the design frequency (174 GHz). Most of the 

energy concentrates in the near field in the vicinity of the grooves and the output 

face of the waveguide, showing no energy coupling out into the far field. The 

number of grooves on each plate of the PPWG also has an influence on the 

reflectivity, as shown in Fig. 4.6 (c). As the number of grooves increases, the peak 

reflectivity increases to nearly 100%, saturating when the number is larger than 

about four. Evidently, almost all of the contribution to the enhanced reflectivity is 

from the first five grooves, so for our experimental studies discussed below we 

choose to cut five grooves on each plate of the PPWG.     

Further simulations permit us to investigate the dependence of this 

enhanced reflectivity (R) on various aspects of the groove pattern geometry. These 

simulations are an important aspect of the fabrication and optimization process. 

Figure 4.7 illustrates the enhanced reflectivity as a function of several relevant 

geometrical parameters (h, d, L, and b as defined in Fig. 4.5), extracted from 
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numerical simulations.  In Fig. 4.7, each panel illustrates the results of a series of 

simulations in which we sweep the value of a single parameter in a range around the 

optimized value (indicated by the dashed line in each panel), with the other 

geometrical parameters fixed at the values indicated in Fig. 4.6(a). Two key factors 

are extracted from the simulations and plotted in this figure: one is the highest value 

of the reflectivity R exhibited at any frequency within the simulation range, and the 

other is the frequency at which R reaches this maximum value (labeled as the peak 

frequency).  
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Figure 4.6 (a) Simulated reflectivity as a function of frequency for the PPWG 
with the groove pattern defined by the parameters indicated in the inset.  
The red curve shows the reflectivity of the same waveguide except with no 



 55 
 

 

grooves.  (b) A false-color plot of the electric field amplitude adjacent to the 
output aperture of the PPWG at the selected resonant frequency. (c) Peak 
reflectivity as a function of the number of grooves on each plate. 

 

 

Figure 4.7  The reflectivity (black squares) and peak frequency (blue circles) 
as a function of (a) groove depth, (b) groove periodicity, (c) the distance 
between the first groove and the edge of output aperture, and (d) the plate 
spacing.  In these simulations, one parameter is varied while all of the other 
parameters are fixed at the values shown in Fig. 2(a). 

As shown in Fig. 4.7(a), both the peak frequency and reflectivity are very 

sensitive to the groove depth (h). This can be understood by using the asymptotic 
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frequency ( 2c h  ) of the SSPs, which is designed to enhance reflectivity at the 

open end of the waveguide. When the groove depth becomes shallower, the 

asymptotic frequency blue shifts, and thus the SSPs with the same surface 

confinement have a higher frequency. The periodicity (d) of the pattern also 

influences the behavior of the supported SSPs, but with less sensitivity than h (as in 

Fig. 4.7(b)). The SSPs have an effective wave vector kx parallel to the metal surface. 

For the 1-D groove pattern, kx can be approximately expressed by the dispersion 

relation [91, 110], 
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k k k h

d
                                                                (4.3) 

where k0 is the wave vector in vacuum, and a, h and d are the groove width, groove 

depth, and the periodicity of the groove pattern, respectively. The periodic grooves 

also act like a grating with a band edge determined by 1xk d  . This grating 

resonance also contributes to the resonant coupling between the waveguide mode 

and the SSP mode. The periodicity d decreases as the inverse of the band edge kx1, 

corresponding to a high frequency on the dispersion curve (Fig. 4.7(b)). The 

distance between the first groove and the edge of the waveguide aperture (L) also 

influences the interaction between the SSP mode and waveguide mode. The longer 

the distance L, the less the coupling between waves of the two modes, and therefore 

the less reflectivity. We note that this behavior is not linear, but rather exhibits a 
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threshold behavior, with a rapid decrease in reflectivity for L larger than about 90 

m (Fig. 4.7(c)). The plate spacing (b) influences the effective impedance of the TEM 

mode in the PPWG [75, 107], as well as the diffraction of the waves at the output 

aperture. Because the enhanced reflection results from the resonant coupling of two 

modes which have wave vectors orthogonal to each other [111], the coupling 

efficiency depends on the mode matching at the output of the waveguide. The 

smaller the plate spacing, the more the waves at the output aperture are strongly 

diffracted, and thus the better coupling to the modes with orthogonal wave vectors, 

leading to a larger enhanced reflectivity (Fig. 4.7(d)).  It is clear from these 

simulations that, within the tolerance of mechanical machining (~ ±25 µm), it is 

possible to design and fabricate waveguides with groove patterns optimized for 

high reflectivity (>99%) at a selected frequency of interest.  Small errors in the 

groove geometrical parameters can be offset by slightly adjusting the plate spacing b 

so as to obtain the desired resonant frequency for maximum reflectivity.  

We can gain a qualitative understanding of the dependence of the peak 

frequency on the geometrical parameters of the groove structure using a simple RLC 

circuit model (Fig. 4.8). Because the plate spacing b of the PPWG and the sizes of the 

grooves are subwavelength in scale, the whole structure can be represented as a 

short dipole antenna as illustrated in Fig. 4.8(a).  In this picture, the PPWG acts as 

the feeding circuit and the corrugated output facet acts as the antenna pad. The 

equivalent circuit model is shown in Fig. 4.8(b). To analyze this model, we write the 
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effective length of one arm of the dipole antenna as 2x b L d   , which is 

equivalent to the physical size of the corresponding waveguide structure.  Here,  

represents the number of grooves in which the SSP field amplitude is significant.  As 

shown in Figs. 4.6(b) and 4.6(c), when the waveguide mode and the SSP mode are 

resonant, most of the energy concentrates on the first three grooves, so we estimate 

 ~ 3.  In this case, the capacitance of the structure can be approximated as that of a 

linear dipole antenna [112, 113]: 
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                                                                  (4.4) 

 

 

Figure 4.8 (a) A schematic of the antenna model discussed in the text. (b) The 
equivalent RLC circuit for the antenna model.  
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The inductance of the short antenna can be calculated as the ratio of the 

magnetic flux  to the current I.  According to the numerical simulation, when the 

waveguide and SSP are at resonance, most of the magnetic field lines are 

concentrated inside the grooves. The magnetic flux can thus be estimated by using 

the average magnetic field times the area of the grooves (·ah). Since the antenna 

current is fed by the PPWG, it is not influenced by the groove structure and is 

therefore a constant value. Thus, the inductance is approximately proportional to 

the groove area. For the circuit of Fig. 4.8 (b), the resonant frequency is calculated as 

1 LC .  From this, we find an approximate proportionality which predicts the 

scaling of the resonant frequency with geometrical parameters: 
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This expression can be used to understand the functional dependence of the 

resonant (peak) frequency on the geometrical parameters h, b, L, and d.  As 

illustrated by the red curves in figure 4.7, the predictions of this simple analytical 

model, with a suitably chosen proportionality constant, show reasonable 

consistency with the FEM numerical simulations. 

The schematic of the experimental setup for the normal-incidence reflectivity 

measurement is shown in Fig. 4.9. A THz-TDS system using a fiber-coupled 

transmitter and receiver are used, with a bandwidth ranging from 0.01 THz to 2 
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THz. The THz wave is polarized normal to the aluminum plates in order to excite the 

TEM mode at the input of the waveguide. A Teflon cylindrical lens is held adjacent to 

the input aperture of the PPWG to improve the coupling efficiency into and out of 

the PPWG [19].  A 2 cm thick high-resistivity silicon beam splitter is used to sample 

part of the reflected beam into the THz receiver. We use a thick silicon beam splitter 

so that its etalon reflections can be temporally separated from the signal of interest. 

The reflected signal from the output facet of the PPWG is measured by the receiver 

with a long time window to achieve high spectral resolution. Since the incident and 

reflected beams are overlapped and are normal to the PPWG output face, the 

measured signal is the normal reflection as indicated in Fig. 4.9.  
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Figure 4.9 The experimental setup for normal-incidence reflection 
measurements. 
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A series of waveguides with each plate having a 5-rectangular-groove pattern 

of different parameters were fabricated and tested in our setup. Figure 4.10 shows 

typical examples of transmission and reflection for two sets of waveguides. One set 

has a plate spacing of b = 600 µm (Fig. 4.10(a) and 4.10(c)), while the other has a 

separation of 200 µm (Fig. 4.10(b) and 4.10(d)). The transmitted signals are 

collected by putting the receiver on the optical axis 2cm away from the output of the 

waveguide. These transmission spectra are normalized to the transmission spectra 

through a waveguide of identical dimensions without grooves. For reflection, a 

reference signal was measured by pressing an aluminum mirror directly against the 

output facet, so that the reference signal represents a nearly perfect reflection at the 

output facet. 

For the waveguide of plate spacing of 600 µm, two different 5-groove 

patterns are tuned (by choosing L, h, and d) for two distinctive frequencies, 83 GHz 

and 197 GHz.  Figures 4.10(a) and 4.10(c) show that the transmission is strongly 

diminished and the reflection enhanced (>99%) at the design frequencies for both 

cases.  These results are in reasonable agreement with numerical simulations (solid 

curves). For waveguides of plate spacing of 200 µm, the groove patterns are also 

optimized for two different frequencies, 179 GHz and 234 GHz. Similar strong 

modifications of the spectrum are shown in Figs, 4.10 (b) and 4.10 (d), which also 

shows a reflection coefficient approaching 100%.  These results demonstrate that 

the peak frequency can be tuned by modifying the geometrical parameters of the 
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metal surface structuring, while maintaining the near-perfect reflection at the 

design frequency. 

 

Figure 4.10 (a) Normalized transmission spectra for the devices of plate 
spacing 600 µm with designed resonant frequencies at 83 GHz and 197 GHz. 
(b) Normalized transmission spectra for devices of plate spacing 200 µm 
with designed resonant frequencies at 179 GHz and 234 GHz. (c) Normalized 
reflection spectra for the same devices as (a). (d) Normalized reflection 
spectra for the same devices as (b). In all four panels, the squares and circles 
indicate the experimental results, while the solid lines show the results of the 
corresponding numerical simulations. 
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We note that a PPWG which has a plate spacing of 200 µm exhibits a 

reflection at the output aperture of ~60% even with no groove pattern, because of 

the impedance-matching consideration discussed above [75, 107]. Thus to 

differentiate the reflectivity enhancement by SSPs, it is clearer to use PPWGs of 

spacing 600 µm, for which the reflection coefficient is less than 20% at the 

frequencies of interest when the output facet is not patterned with grooves.  In this 

case of larger plate spacing, the reflectivity change (grooves vs. no grooves) is more 

than a factor of five. 

4.3.2. Angle Effect and Phase Shift 

An essential investigation on this SPP promoted reflectivity is to probe the 

resonant coupling between TEM mode in the PPWG and the surface plasma mode on 

the patterned surface by varying the incident angle (θ) (Figure 4.5). For the angle-

dependent measurements, we fabricate a new series of waveguides with an angled 

facet on the input side in a way that the input and reflected waves both travel 

through the waveguide facet that is normal to the propagating direction (as shown 

in the inset Fig. 4.11). For all angles the waveguides have an identical groove pattern 

tuned for highest reflection at a frequency of 191 GHz for normal incidence. For each 

incident angle, the THz receiver covered by an aperture of 1mm is put 2 cm away 

from the waveguide facet where the reflected wave comes out. 
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Figure 4.11  Experimental setup for the measurement of reflection at an 
oblique angle of incidence, θ > 0. The right inset shows a ray tracing 
schematic of the device designed for the measurement of the lateral spatial 
shift of the reflected beam as a function of angle of incidence. 

As indicated in figure 4.12, the peak frequency at which the reflection 

reaches the maximum makes a blue shift as the incident angle increases, which is 

consistent with the 3D simulation using finite element method (red curve). The peak 

frequency shift follows a functional form of dependence on incidence angle as 

represented in the equation 0*cosf f  , where f is the peak frequency, θ is 

incident angle and 0f  is the designed frequency (191 GHz) for normal incidence that 

is determined by groove geometry. A plot of the equation is shown in the inset of 



 65 
 

 

figure 4.12 along with the experimental and simulation results, which show an 

excellent agreement.  

 

Figure 4.12 Dependence of the spoof surface plasmon enhanced reflectivity 
on the incident angle. (Dotted blue lines show the experimental data; Solid 
red lines show the simulation data). 

We also note that, as the incident angle increases, we observe a decrease in 

the peak reflectivity, from almost 99% at 10° to only 84% at 30°.  This can be 

understood as follows: when the incident wave has a k-vector component parallel to 

the groove direction (the x axis in Fig. 4.5(b)), part of the energy can couple into a 

groove waveguide mode propagating along the groove axes.  This mode, which is an 
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analog of the channel plasmon [114, 115], can lead to energy loss for the reflected 

wave. The amount of the energy loss in this way depends on the coupling efficiency 

which is an increasing function of the incident angle. Therefore the incident angle 

should be kept low in the application design in order to obtain high reflectivity.  

It is clear from these data that there must be an interaction between the 

guided mode inside the waveguide and the spoof surface plasmon mode on the 

output facet.  We employ a model in which this interaction is described by the 

difference between two orthogonal wave vector components.  We represent this 

wave vector difference by , defined as  = kW,z – kSSP,y.  Here kW,z is the z component 

of kW (the wave vector of the TEM mode inside the waveguide), and is given by kW,z = 

(/c)·cos .  kSSP,y is the y component of the wave vector of the SSP at the design 

frequency for maximum reflectivity at  = 0.  Since the design frequencies for our 

devices correspond to wavelengths that are large compared to the periodicity of the 

structure, kSSP,y is approximately given by0/c, where 0 is the design frequency [92] .   

Thus, we find: 

 

                  0( )cosk
c c

 
                            (4.6) 

 

We then assume that the amplitude reflection coefficient r() at the waveguide 

output facet can be written in the form: 
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2 ( )( , ) ( ) i kr A k e                                                    (4.7) 

  

where A(x) is a lineshape function and (x) is a phase function, both of which are 

unknown functions depending on  as shown.  The angle dependence of the 

frequency of the reflectivity maximum can then be derived by setting the partial 

derivative A/ equal to zero, which immediately yields: 

 

                                                      0 / cospeakf f                                                     (4.8) 

This equation is equivalent to the equation we used to plot the inset in figure 4.12. 

The agreement of the simulation, the experimental data and the plot shows a good 

proof of this model.  

The coupling between two orthogonal wave vector components (eq. 4.6) can 

have important implications that are revealed by studying the angle dependence of 

the reflection.  For example, this coupling introduces a lateral shift in the position of 

the reflected beam, comparing to the reflected beam by a mirror placed at the 

output facet of the waveguide. This lateral displacement  is reminiscent of the 

Goos-Hänchen effect, especially in cases where the reflecting medium is metallic 

[116-118].  Both effects can be explained as being the result from the propagation of 

an evanescent wave parallel to the interface. However in the traditional Goos-
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Hänchen effect the wave vector of the evanescent wave lies in the plane of incidence, 

whereas in our case the reflectivity is mediated by the wave vector component 

perpendicular to the plane of incidence.   

 
 
Figure 4.13 The lateral position shift of the reflected wave for different 
incident angles. Symbols (squares and circles) are for experimental data and 
solid lines are for simulated data (FEM).  
 

The Figure 4.13 shows a typical resul of the lateral position shift  for four 

different incident angels. The mirror reflection signal is measured by pressing a 

aluminum mirror against the output facet of the waveguide, in comparison to the 

reflection by the groove patterns on output facet where no mirror in presence. For an 



 69 
 

 

incident Gaussian beam of waist ~1.5 cm, we observed clear lateral shifts in the sacle of a 

few mm.  This lateral shift increases as the angle of incidence increases. A FEM 

simulation confirms this spatial shift, as shown in solid lines in Figure 4.13.  As noted 

previously [119], the magnitude of  is very generally related to the phase of the 

reflection coefficient according to: 

                                       








k

1
.                                         (4.9) 

 

Substituting the expression of eq. (4.6) and (4.7) into (4.9), and simplifying the 

factors, we get the lateral shift as:  

 = 0 sin()                                                              (4.10) 

where 0 is a constant parameter related to the form of ().  Over the range of our 

angular measurements, this description is in good agreement with our observations (Fig. 

14(a)). 

Finally, associated with a Goos-Hänchen-like spatial shift, one also expects a 

phase shift between the wave reflected from a mirror and from the SSP reflection.  From 

our measurements, we extract the frequency derivative of the spectral phase difference 

between sample and reference measurements, in order to express the result as a time shift 

for each angle .  Our model predicts that this time shift should be given by [119]: 

                                       
 




 cos0tt


.                                              (4.11) 
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Figure 4.14 . (a) The lateral shift of the beam as a function of angle of 
incidence. The solid red curve is a plot of Eq. (4.10) with one fit parameter. 
(b) The temporal shift of the reflected beam (relative to that of a mirror 
reflection) as a function of angle of incidence. The solid red curve is a plot of 
Eq. (4.11) with no adjustable parameters.  

Here t0 is the time shift at normal incidence, which can be extracted from the temporal 

waveforms used to create Fig. 4.10.  With no fit parameters, this prediction is consistent 

with the  time shifts extracted from the angle-dependent measurements, as shown in Fig. 

4.14 (b). 
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4.4. A Prototype of a THz Band-pass  resonator 

Narrow-band resonators or filters have always been an interesting research 

area in the THz range, because of their applications in many areas of THz 

technologies, such as in wireless communications [120] and sensing[121, 122]. A 

few methods have been used to implement THz resonators, including quasi-optic 

resonators based on a Fabry-Perot cavity [122, 123], membrane resonators using 

metamaterials [124], wire-disk resonators which rely on whispering gallery modes 

[125], integrated waveguide-coupled THz resonators using microcavities [52, 126, 

127], and Bragg gratings with defects [66, 121, 128]. In this part, I demonstrate a 

prototype of a band-pass THz resonator by using the concept of a designer reflector.  

When a broadband THz wave is reflected at the output facet of a PPWG with 

an engineered groove pattern, it carries almost 100% of the energy at the design 

frequency (Fig. 4.10). Thus the patterned output surface acts as a nearly ideal THz 

filter, with a full width at half maximum (FWHM) of a few tens of GHz. Cascading of 

this filter operation will therefore lead to narrowing of the spectrum reflected back 

into the waveguide, with relatively little loss at the design frequency. Therefore, 

multiple reflections can be used to design a resonator with a high quality-factor Q 

and relatively high throughput. 

To explore this concept, we first conduct FEM simulations of a structure in 

which the THz wave reflects three times off of a patterned facet.  Fig. 4.15 illustrates 
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top-down views of the results of these simulations.  These results display the 

electric field distributions when the THz beam is incident at an angle of 10° to the 

normal of the reflecting surfaces.  The blue lines indicate the surfaces that are 

patterned with grooves to provide enhanced reflection.  Fig. 4.15 (a) shows the 

result at the design frequency (174 GHz), while Fig. 4.15 (b) shows the same result 

except that the grooved surfaces have been replaced in the simulations by perfectly 

reflecting mirrors at the same locations.  For these two cases, we observe that nearly 

the same energy is delivered to the output port of the device. Figures 4.15 (c) and 

4.15 (d) show the results when the device is excited off resonance. The energy 

delivered to the output port drops to nearly zero for 160 GHz [Fig. 4.15 (c)] and 190 

GHz [Fig. 4.15(d)]. 

When using a resonator based on the geometry shown in Fig. 4.15, the 

requirement of two identical groove patterns on both of the reflecting facets poses 

somewhat of a fabrication challenge. Typical machining tolerances of ~25 m will 

lead to uncertainty in the groove geometrical parameters (L, h, and d), which will 

lead to shifts in the peak frequency for one reflecting surface relative to the other 

one.  Obviously, in order for the resonator to operate as anticipated, such shifts are 

not desirable. Even a small difference in design frequency of less than 10 GHz will 

lead to a dramatic reshaping of the spectrum of the radiation reaching the output 

port, especially in the case of a large number of internal reflections.   
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Figure 4.15 Plots of the electric field distribution (from 3D FEM simulations) 
inside the devices designed as resonators, with three internal reflections. (a) 
Device with the same pattern of grooves on both reflecting facets (marked by 
blue lines) when the input wave is at design frequency (174 GHz). (b) Device 
with perfect mirrors instead of the groove patterns, at the design frequency. 
(c) The same device as (a) except the input wave is at frequency 160 GHz. (d) 
The same device as (a) except the input wave is at frequency 190 GHz. 

To avoid this problem, we modify the design for the THz resonator as shown 

in Fig. 4.16.  Here, only one facet of the waveguide is decorated with grooves, while 

the other facet relies on a broadband mirror reflection.  This firmly contacted mirror 

makes a perfect reflection at its interface for the THz waves coming from inside the 
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waveguide, creating an image of the groove-patterned facet symmetric to the mirror 

(as labeled in Fig. 4.16). The grooved surface has a length of 15 cm, in order to allow 

space for multiple reflections between the input and output port.  The mirror on the 

upper facet can be lengthened or shortened, in order to control the number of 

internal reflections --- a longer mirror will give rise to more reflections before the 

wave reaches a point where it can escape from the device. Therefore the overall 

result is equivalent to reflection from two identical patterned facets as in Fig. 4.15, 

but without the fabrication challenge of creating two identical groove patterns on 

two different surfaces. 
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Figure 4.16  A schematic of the device with a single patterned facet, 
fabricated for the experimental measurements. The dotted line shows the 
image of the patterned facet.  The dashed line shows a ray path of a multiply 
reflected THz beam inside the device. 
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To demonstrate this resonator, we fabricated the device as shown in Fig. 

4.16.  The groove pattern was designed for a peak frequency of 170 GHz when 

illuminated at normal incidence, or 167 GHz when illuminated at 10° (as is relevant 

here).  The receiver is placed 2 cm away from the facet without a groove pattern, 

adjacent to the contact mirror, to collect the waves emerging from the waveguide. 

By varying the length of the reflecting mirror and adjusting the location of the 

receiver, the number of reflections on the patterned facet can be modified and 

identified in the time domain, since each subsequent reflection adds additional 

travel path length (and therefore time delay) to the signal. For each measurement, 

we acquire a reference signal by pressing another mirror tightly against the facet 

with groove patterns, similar to the procedure used for referencing for the data of 

Fig. 4.10.  

The results of these measurements are shown in Fig. 4.17.  A few typical 

output spectra are shown, for different numbers of internal reflections.  Evidently, 

the width of the spectral peak decreases as the number of bounces increases, while 

the peak amplitude only changes by a small amount.  We find that the FWHM 

decreases from ~30 GHz for the case of only one reflection to ~7 GHz for twelve 

reflections.  We can understand this line narrowing as a simple cascading filter 

effect, as discussed above.  To confirm this interpretation, we use the spectrum 

measured after a single reflection as a starting point, and compute the evolution of 

the FWHM by considering higher-order multiples of this spectrum. This result is 
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shown as the blue curve in the inset of Fig. 4.17, along with the measured widths 

(data points).  These results are also consistent with numerical simulations (red 

curve). 

 

Figure 4.17 Normalized reflection spectra for the signals after multiple 
bounces inside the resonator device depicted in Fig. 4.16. The inset shows 
the full-width-at-half-maximum of the spectra as a function of the number of 
internal bounces off of the groove-patterned surface. The red curve shows 
the FEM simulation, while the blue curve shows a simple calculation 
extrapolating the line narrowing from the result from a single bounce. The 
black squares show the experimental results with estimated error bars. 

It is important to note the effects of diffraction. The THz wave is coupled into 

a PPWG at a beam width of 1.5 cm using a pair of confocal lenses. The path length of 

the THz wave inside the waveguide after twelve bounces is almost 70 cm.  Assuming 

Gaussian beam diffraction, we would expect a beam waist of ~9 cm at the output 
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port.  Thus, for a large number of reflections, the signal collected at the receiver is 

actually an overlapping mix of several temporal signals that have experienced 

differing numbers of reflections.  These are reasonably well separated in the time 

domain because each has traveled a different path length.  However, since the 

filtering effect significantly stretches the original single-cycle pulse in the time 

domain, the trailing part of one particular reflection can overlap with the leading 

part of the subsequent reflection.  This is essentially an experimental artifact of 

studying a narrowband effect using a broadband-pulse technology, which leads to 

some uncertainty in the extraction of, e.g., the precise linewidths (as shown by the 

error bars in Fig. 4.17).  We would anticipate that this concern would be largely 

eliminated if a narrowband tunable THz source were used.  

In conclusion, we have demonstrated that the reflectivity at the output facet 

of a PPWG can be enhanced almost up to 100% by using spoof surface plasmons. We 

presented a prototype of a THz resonator.  This concept could be useful in a range of 

applications in THz technologies. 
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Chapter 5 

Two-Dimensional Artificial Dielectric:   

        A THz mirage Device  

5.1.   A THz mirage Device 

The works in this section are achieved in cooperation with Dr. Rajind Mendis, 

who is the major contributor to this project, and Professor Daniel Mittleman. The 

author of this thesis contributed to all the 2D and 3D simulations, and participated 

in the project discussion.  

The concept of waveguide-based artificial dielectrics had been studied half a 

century ago in the microwave community, but did not become popular for its 

unreasonably large size and therefore bulky volume for practical use [58]. However 

this concept is in a manageable size in THz range due to the wavelength scaling.  In 
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this section we discuss the use of this concept to manipulate the beam propagation 

in the waveguide in a designed manner, such as beam bending and a mirage 

effect[14].  

As we discussed in the introduction, the effective in the of a PPWG in TE1 

mode is given by, 

                                              
21 ( )

2
eff

c
n

bf
                                                            (5.1) 

where b is the plate separation, f is the frequency, and c is the free-space speed of 

light. This indicates that when the wave is at a fixed frequency, the index effn can be 

tuned between zeros and unity by changing the plate separation b. 

In order to validate this concept, we first use a simple example where the 

index of refraction changes monotonically a long a single direction. This can be 

implemented simply by tilting one metal plate of a parallel-plate waveguide against 

the other.  The variation of the plate separation creates an index gradient in the 

medium, which leads to the bending of the light rays toward the high index region, 

in a principle similar to Snell’s law. In the context of the waveguide-based medium, 

the region of a larger plate separation has a higher index.  Therefore, we expect the 

THz beam propagating in the waveguide to bend towards the regions of larger plate 

spacing.  
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Figure 5.1 (Extracted from [14]) The calculated refractive index as a function 
of x coordinate for several different frequencies. The inset shows the 
schematic of the waveguide in the experiment. The red curve shows the trace 
of a THz beam bending toward higher plate separation.  

For the experiment, we chose a PPWG of length 1 cm, which has the top plate 

tilted in a way that the plate separation increases along the width of the waveguide 

(Inset of Figure 5.1). The angle θ between the top plate and bottom plate is 0.72⁰. A 

broad-band THz wave is coupled into the waveguide at normal incidence. In order 

to excite the TE1 mode, the polarization of the THz wave is parallel to the bottom 

plate.  We set the position of the input optic axis as a reference (x = 0), at which the 

plate separation is 0.75 mm (In set of Figure 5.1). By using the definition of the 

effective index of refraction, we calculate the index profile as a function of 

transverse coordinate (x) for five different frequencies (Figure 5.1).  These curves 

indicate that for a given waveguide, the effective index of refraction has fewer 
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gradients for low frequencies, which lead to stronger level of beam bending for 

waves at low frequencies.  Thus for a broad-band input beam, the components of 

lower frequencies experience more index gradients, and then get greater deflections 

than these of higher frequencies. We scanned the THz receiver along x axis at a 

distance 3 cm away from the output face of the waveguide (Figure 5.1 Inset).  At 

different positions, the received signals by the receiver have different spectra, as 

indicated in figure 5.2. As we expected, the components of the low frequencies (red 

curve) is deflected away (x = 24mm) from the optical axis (x = 0), and therefore not 

shown up in the signal measured on the optical axis (black curve). As the receiver 

moves away from the optical axis, we observe a continuous increase of wave 

components at lower frequencies.  By extracting the spectral amplitude of the 

signals at each position of x axis, we plot the spatial intensity profile of the output 

beam for different frequencies (Figure 5.3).  For comparison, we also plot the spatial 

intensity profile for the case the waveguide has two metal plates parallel to each 

other (black curve). As shown in figure 5.3, the back curve shows a Gaussian shape 

centered at x = 0 while the red curve shows a shift off the axis x = 0. The amount of 

this shift increases as the frequencies decreases.  We must note that the frequency 

components have a lower limit, which is the cut-off frequency of the waveguide 

determined by the plate separation at the input location. For this case, the cut off 

frequency is 200 GHz (b = 0.75 mm at x = 0). 
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Figure 5.2  (Extracted from [14]) The spectrum of the measured signals at 
different positions on  the x axis. X = 0 corresponds to the optical axis of the 
input beam. The positive x is in the direction along which the plate spacing 
increases.  

In this simple case, a waveguide with a tilted top plate is able to bend the 

wave propagation in TE1 mode in the empty space between the two plates, as if it 

were a dielectric with a gradient of refractive index. On the basis of this beam 

bending, more sophisticated designs become possible to control the beam 

propagation inside a waveguide.  In this project, we demonstrate a device which 

bends a light around an obstructing object. This is the essence of a mirage, so the 

device is also called a THz mirage device.  
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Figure 5.3 (Extracted from [14])  The distribution of electric field amplitude 
along the x axis for different frequencies. The red curves are for the 
waveguide with a tilted top plate. The black curves are for the PPWG with 
parallel plates.  

To manipulate the light wave around an object, we have to first bend it in a 

direction in front of the object, to avoid the interaction with the object, and then 

steer it back after it passes the object. This process involves bending the beam twice 

in opposite direction. The deflection of the light wave in the waveguide is essentially 

a result of the index gradient, which makes the beam propagate toward the region of 

higher index. A prescription to steer the light beam consecutively in opposite 

direction is to put two symmetric regions together with respect to a mirror plane. 

The two regions have the same geometries but opposite directions of index 

gradients, as indicated in figure 5.4. These opposite index gradients guide the light 
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waves around an area in the middle of the waveguide, no matter what material this 

area is made of.  

 

Figure 5.4 The ray trace simulation of the mirage device design. The input 
beam in coupled into the device at normal incidence. (a) A design making 
beam propagate around an area in the middle of waveguide. (b) The similar 
design to (a), except the position of the input beam and the mirror plane is 
difference. (c) A design of light wave moving around two consecutive areas in 
the same waveguide. (d) A design of light moving around three areas in the 
same waveguide.  
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To exploit this prescription, we conducted numerical simulations for the 

devices with same index gradient but different geometries, mirror plane locations 

and the positions of the input beam, as indicated in figure 5.4. The simulation is 

based on a ray tracing method (LightTools), and the index of refraction can be set as 

a property of the medium in the simulation. In figure 5.4 (a), the waveguide has a 

length of 5 cm (h) with the input beam 3.6 cm away from the mirror plane. We 

observe that by finely tune the position of the input beam and the mirror plane, the 

light waves can be guided around an object of the size comparable to the waveguide, 

and steered back to propagate in the same direction as the input beam. Furthermore 

by changing the position of the input beam and the mirror plane, we can engineer 

the trace of the beam propagation inside the waveguide, as implied by another 

example in figure 5.4 (b). This prescription can be implemented further by 

extending the length of the waveguide.  In figure 5.4 (c) and (d), the light waves 

were guided around two and three consecutive objects respectively, by simply 

extending the length of the waveguide in figure 5.4(a) by two and three times. 

However, these simulations are only based on ray tracing in two dimensions, which 

is an overly simplified model for the real three dimensional waveguide-based 

mirage device. For further investigation of the mirage device, we choose a simple 

design as shown in the example in figure 5.4(a).   

The design in figure 5.4(a) is related to a “roof” structure in the waveguide-

base artificial dielectric, where the upper waveguide plate has two complementary 
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flat inclined surfaces (Figure 5.5 (a)). The plate separation b varies as a function the 

transverse coordinate 0( )b x b m x  , where x = 0 corresponds to the position of 

mirror plane, b0 is the maximum plate separation, and m is the slope of the roof 

structure that determines the intensity of the index gradient. In the waveguide-

based artificial dielectric, the index prescription only works for a single frequency.  

When a broad-band THz wave is coupled into the roof structure at the designed 

input location, the mirage device takes effect only for a single frequency component, 

which is used in the design (red curve in figure 5.5 (b)). If we put a circular metal 

structure in the middle of the waveguide, it casts shadows for the waves at other 

frequencies which do not pass around this area (blue curve in figure 5.5(b)).  

By using finite element method, we perform a full three-dimensional 

numerical simulation of the mirage device. Figure 5.5 (c) shows the color-plot of a 

cross-section in a plane through the middle of the gap between the two plates. In 

this simulation, a cylindrical space in the middle of the waveguide, as indicated by a 

blue area in the figure, is set as metal block to emulate a metal obstruction (to be 

hidden). The curved trace of the normally incident light wave passes around the 

metal obstruction and emerges from the waveguide without casting any shadows. 

This is evidenced by figure 5.5 (d) and (e), which are the color plot of the electric 

field intensity at the output facet of the waveguide, with and without the metal 

block. No distinguishable shadow can be identified in the case of a metal block. 
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Figure 5.5 (Extracted from [14]) (a) The cross-sectional view of the 
waveguide showing the roof structure of the mirage device. (b) The ray 
traces of light propagation in the mirage device for frequency at 0.16 THz 
(red) and 0.54 THz (blue). (c) A full wave 3D simulation of the mirage device. 
(d) The intensity pattern at the output facet of the waveguide, with and 
without the metal obstruction in place.  

We conduct an experiment to validate this mirage device. A length of the 

waveguide is 5 cm, the mirror plane (or the roof apex) is 9.2 cm away from the plate 

contact point is the transverse direction, and the inclination angle is 0.68⁰. The 

frequency in the mirage device design is 0.16 THz.  The metal object is a cylindrical 

with a height of 0.8 mm and a radius of 5 mm. A broad-band THz wave is coupled 

into the waveguide at the designed input position. The THz receiver is scanned 3 cm 
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away from the output facet of the waveguide, on the x axis along the transverse 

direction. Two sets of data are measured: one is for the case with a metal object, one 

is same device without the object. The spatial profiles of the measured intensity are 

shown in figure 5.6 for two different frequencies, 0.16 THz and 0.54 THz. At the 

designed frequency (figure 5.6 (a)), we observe almost the same spatial profiles for 

the two cases, which imply that the object casts no shadow for the wave. At the 

frequency different from the designed one (figure 5.6 (b)), a very obvious shadow 

structure can be identified in the case with an object in presence.   

In this section, we have demonstrated a new approach to creating an 

inhomogeneous artificial medium based on the TE1 mode of PPWG. The new 

approach can be used to bend the light propagation in the waveguide, as if it is in the 

real medium with the same index. We demonstrated a mirage device working at a 

single frequency, in which an object of size several times larger than the wavelength 

can be hide from the THz wave at the designed frequency. 
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Figure 5.6  The spatial distribution of the electric field intensity in the 
experiment for a designed mirage device. (a) The intensity profile at the 
designed frequency 0.16 THz. (b) The intensity profile at a different 
frequency 0.54 THz. The black curves are for the case without an object, the 
red curves are for the case with an object in place.  
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Chapter 6: 

Conclusions and Future Directions 

6.1. Conclusions and Limits of The Novel Imaging Probe for The 

Broad-band THz Near-field Imaging 

In Chapter 3, we discussed a tapered PPWG as a probe for the broad-band 

THz near-field imaging. This one-dimensionally-tapered-PPWG probe provides a 

good line illuminator with a high aspect ratio. The FBP algorithm is implemented to 

reconstruct the image from the measured signals of average wavelength of 1.5 mm. 

Features of ~ 100 µm can be resolved in the reconstructed image. 

In this part, we investigated the resolution limit of this probe for near-field 

imaging by using finite-element method simulation. The tapered parallel-plate 

waveguide is an effective technique to deliver THz waves into small areas without 
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cut-off and dispersions [70-72]. In the imaging experiment, we tapered the spacing 

between the two metal plates from 1.5 mm at the input to 20 µm at the output. The 

reflection coefficient of the output interface is more than 90% for the THz waves in 

our experiment. For the same geometry, we simulated the reflection coefficient as a 

function of output spacing of the tapered PPWG (Figure 6.1 (a)). We observed that, 

for the same input spacing of 1.5 mm, the reflectivity increases with the decreases of 

the output spacing. And the reflectivity approaches to almost unity when the output 

is below 1 µm. Also we simulated the reflectivity as a function of the distance from 

an Aluminum sample to the imaging probe. Figure 6.1 (b) shows the relations for 

the imaging probes of different output sizes. Similar to probe of 20 µm output 

spacing shown in Figure 3.3, the reflectivity of the output interface drops as the 

Aluminum sample is moved away from the imaging probe. When the distance 

between the sample and probe increases beyond a certain distance (2 µm for a 200 

nm probe), the reflectivity increases again and approaches to the reflectivity 

determined by the output spacing (Figure 6.1(a)). There is a distance at which the 

reflectivity reaches a dip, and it varies with the different output spacing. For the 

probe of output 80 nm, the dip happens when the sample is ~1 µm away from the 

aperture.  



 92 
 

 

 

Figure 6.1 (a)  Reflection coefficient of the tapered PPWG (tapered from 1.5 
mm in the input) as a function of the output aperture size. (b) Reflection 
coefficient of Aluminum sample as a function of the distance to the probe 
output aperture. (c) Schematic of the imaging sample simulation. (d) The 
change of the reflectivity as the imaging sample scans across the imaging 
probe. 

In another simulation, we put the sample in exact contact with the imaging 

probe. In this way, the near-field electromagnetic waves of the probe have the best 

interaction with the imaging samples, and therefore carry the most information of 

the imaging sample. To explore the limit of the imaging resolution, we simulated a 

typical case, in which the imaging sample consists of an aluminum part and a silicon 

part with a distinctive boundary between them (Figure 6.1 (c)). This sample is 



 93 
 

 

scanned across the imaging probe in the simulations, which have the center of the 

probe at x = 0 µm. The reflectivity is plotted as a function of the scan position in 

figure 6.1 (d). When x is at the position of large negative coordinates (< -200 µm), 

the aluminum sample covers the entire imaging aperture, and therefore the 

reflectivity is unity. When x is at the position of large positive coordinates (> 200 

µm), the silicon sample covers the entire imaging aperture. The reflectivity is then 

less than unity depending on the output spacing. For example, the reflectivity is 

more than 98% when the output is 200 nm (blue curve in Figure 6.1(d)). To have a 

good reconstructed image, the signals (reflection) of different imaging samples 

should have sufficient contrast, and the transitions between these two different 

signals should happen in a small region. The length of this small region determines 

the resolution of the reconstructed image. As we observed in Figure 6.1 (d), for the 

probe of size 100 µm, the Michelson contrast is relatively strong (1.0 - 0.8 /1.0 + 

0.8~ 0.11); while for the probe of size 200 nm, the contrast is very week (1.0 – 

0.98/1.0 + 0.98 ~ 0.01). In the simulation, a reflectivity drop is observed in the 

transition region, where the reflectivity has its minimum. Similar to the discussion 

in Chapter 3, this reflectivity drop can be explained by the impedance change of the 

waveguide structure as the boundary between the Al and the Si is scanned across 

the probe aperture. The width of the signal transition region doesn’t decrease as the 

aperture size shrinks. In the case of 2 µm aperture size, the transition region is as 

wide as 100 µm. Therefore, even if we use the probe of 200 nm output spacing, the 
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resolution is also 100 µm without significant improvement compared to that 

reported in Chap 3, but the imaging contrast degrades 10 times.  

In summary, we can improve the imaging resolution to some extent by the 

decrease of the probe aperture. However there is a limit of the resolution  (~ 100 

µm). When the image resolution reaches this limit, it can’t be improved by reducing 

the output spacing of the imaging probe. 

6.2.  Conclusions and Future works for Spoof Surface Plasmon 

reflector and the Band-pass THz resonator 

As we concluded in Chapter 4, we demonstrated that the reflectivity at the 

output facet of a PPWG can be enhanced almost up to 100% by using spoof surface 

plasmons. This enhancement works only for a single THz frequency. Also this 

reflectivity can be engineered in a range from 0% to almost 100%. This new 

technique is a good analogy of the coating techniques that are widely used in the 

optical device industry. Therefore it could have a wide range of applications in 

terahertz technologies, such as the input mirror for a THz cavity, and the frequency 

selective reflector for a THz ring-down spectrometer.  

We presented a prototype of a THz resonator based on this new SSP 

reflector.  This resonator could be further developed into a very sensitive THz gas 

sensor. Because the path length of the THz waves in such a small resonator is almost 



 95 
 

 

70 cm, and the Q value of this resonator is also high, this device can be very sensitive 

to the gas that absorbs the THz waves at the working frequency.  

To develop this gas sensor, a few challenges are expected. One is the 

fabrication challenge of the smaller groove patterns. For most common gases, the 

absorption peak in THz range is more than 500 GHz, such as water vapor at 556 

GHz. This high frequency requires a significant scale-down of the groove pattern. 

And therefore the accurate fabrication of these groove patterns is more expensive in 

terms of time and cost. Another challenge comes with the diffraction of the THz 

waves. As the input THz wave has a beam width of 1 cm, it should have a significant 

diffraction after it propagates a path of more than 70 cm in the device. To overcome 

this diffraction, we may resort to some traditional techniques. For example, we 

could replace the Aluminum mirror with a curved reflection interface (shown in 

Figure 4.16). The curvature of the interface is designed to compensate the 

diffraction of the THz wave for each round-trip in the device. Therefore these 

challenges are not the fundamental barrier and can be solved at a reasonable cost in 

the near future.  
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6.3.  Conclusions and Preliminary Results for the Two-

Dimensional Maxwell’s fish eye 

In Chapter 5, we have demonstrated a new approach to creating an 

inhomogeneous artificial medium based on the TE1 mode of the PPWG. The new 

approach is able to bend the light propagation in the waveguide, as if it is in the real 

medium with the same index. We demonstrated a mirage device working at a single 

frequency, in which an object several times larger than the wavelength can be hid 

from the THz wave at the designed frequency.  

The concept of the 2D inhomogeneous artificial dielectric opens up 

numerous possibilities to manipulate terahertz wave in a two dimensional space, 

which is comparable to a two dimensional version of the widely studied 

matamaterials. The differences are that the 2D inhomogeneous artificial dielectric 

works in the TE1 mode of a waveguide, and the dielectric properties can be 

engineered in an ideally continuous way as that in the mirage device.  

The significance of this work is leveraged by two emerging disciplines. One is 

the transformation optics, which is inspired by the invention of the matamaterials. 

The transformation optics is the basis for conceptualizing complex tools for novel 

control of light. Thus it is a powerful theoretical tool box, in which there are many 

prescriptions of novel optical devices. Some of these fantastic prescriptions for the 

novel devices can be translated into a 2D version and be implemented by the 2D 
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inhomogeneous artificial dielectric. Another emerging discipline is the high 

resolution 3D printing technologies, which make it possible and affordable to 

fabricate a waveguide with complex features that meets the requirement of the 

prescription.   

In this part, we show a demonstration of a 2D Maxwell’s fish eye. This is a 

good example to illustrate the power of this 2D artificial dielectric combined with 

the high resolution 3D printing technologies.  

The Maxwell’s fish eye is a spherically symmetric lens, with a refractive index 

that varies from the center to the outer boundary. This type of lenses has an unusual 

ability to focus the beams emitted by a point source at one edge to another point on 

the opposite side of the lens. The refractive index is prescribed as , 

where n0 is a positive constant and R is the radius of the lens.  After translating into our 

2D dielectric, the plate separation of the waveguide is represented by the following 

equation.  

                                       

                                    (6.1) 

 

Where b is the plate spacing between the waveguide, λ is the wavelength, r is 

the distance to the center, and R is the radius of the device. We chose the working 
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frequency as 150 GHz, which corresponds to a wavelength of 2 mm. The profile of 

equation (6.1) is plotted in Figure 6.2 (a). In order to accurately fabricate the 

waveguide, we choose a flat bottom plate and a curved top plate with the curvature 

according to equation (6.1). The effectiveness of this 2D Maxwell’s fish eye is shown 

in Figure 6.2 (b) by a FEM simulation.  

The fabrication of the top plate of the waveguide is very challenging for the 

traditional machine shop, because the curvature of top plate is in a complex 

functional form (equation 6.1). We chose the high resolution 3D printing technique, 

which has a resolution of 20 µm. Compared to the working wavelength of 2 mm, this 

finite resolution can be ignored and the curve is considered as continuous. The 

profile of the print-out from the 3D printing shows a very good match to the 

designed profile (Figure 6.3 (a).). However, the 3D print-out is made of plastic, so we 

coated the curved surface by a high conductive metallic paint. The preliminary 

experimental results are shown in Figure 6.3 (b). We observed that when the fish 

eye is excited on one side by a point source, the beam at the designed frequency is 

focused to a point on the other side. For the beams at other frequencies, they 

experienced a large diffraction by going through the narrow input aperture.  

The detailed discussions of the Maxwell’s fish eye and the full appreciation of 

the significance of the 2D inhomogeneous artificial dielectric are beyond the scope 
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of this thesis. The most recent reports can be found in the publications from 

Mittleman Group in Rice University.  

  

Figure 6.2 (a) The plate separation of the waveguide as a function of the 
distance to the center. (b) The FEM simulation of the two dimensional 
Maxwell’s fish eye.  
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Figure 6.3 (a) A comparison of the curve profile of top plate of the 2D 
Maxwell’s fish eye between the designed profile and the fabricated from 3D 
printing. (b) The experimentally measured beam focusing at the designed 
frequency. 
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