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ABSTRACT

This dissertation describes our work on design, fabrication and characterization of
plasmonic metamaterials and tapered structures, with primary focus on their applications
at terahertz (THz) frequencies. The phenomena associated with these structures rely on
surface plasmon polaritons (SPPs), which may allow for high field enhancement and tight
field confinement. We have investigated the underlying mechanisms of these structures
and used that knowledge to develop unique and practical applications. We first studied
two-dimensional periodic and random lattices based on aperture arrays, and modified the
model to describe the effective dielectric response of the perforated metallic medium.
Using two layers of the perforated stainless steel films, we demonstrated the emergence
of an additional resonance and reproduced the transmission spectra using the effective
dielectric model of the single-layer medium. Also, we improved the filtering performance
of the multilayer periodic aperture arrays by adjusting the relative distance and angle
between the layers, and demonstrated its application as a high quality bandpass filter.
Then, we examined the transmission properties of graphite and carbon nanotube (CNT)
films, and then the same films perforated with periodically distributed aperture arrays.
The extracted dielectric constants of the graphite and CNT films demonstrate their
availability for THz surface plasmonic devices. Moreover, we developed a narrow
band/multiband THz detector in which the photoconductive antenna was surrounded by

periodically corrugated gratings. This detector not only enhanced the sensitivity of



detection at the specific frequencies, but also efficiently collected the radiation within the
structure area, which obviated the need for a substrate lens. Finally, we improved the
concentration properties of conically tapered apertures. Based on the optimal taper angle
we determined, we introduced various modifications to the individual tapered aperture,
e.g., to form an array and insert a gap spacing, and further enhanced the concentration
capabilities and realized complete broadband transmission. Based on these studies and
results, we are currently extending our work towards development of more reconfigurable
and active devices that could enrich the available pool of THz and optical devices.
Furthermore, such THz devices have great promise for the development of THz systems

level applications and even a THz-based world in the future.
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CHAPTER 1

INTRODUCTION

1.1 Background

Optics is a long-standing topic that has inspired human beings since ancient times
due to the direct connection between light and vision and the vitality it preserves through
entanglement with various aspects of science, engineering and technology. However, it
turns out that the mysteries of light are not as easy to perceive as is the colorful world. It
is destined to be a long quest for human beings to try understanding light, and this
journey leads to an understanding of a broader world and the opening of new eras. Today,
although optical and photonic devices have occupied a large area of the market, our daily
life is still dominated by electronics. This can be attributed to a variety of considerations,
such as volume, flexibility, cost, reliability, and manufacturability. However, the
development of artificial intelligence and automation demonstrates that beyond all the
factors mentioned above, convenience is placed as the top priority, and it gives light
many unique advantages over other subjects. As examples, stereoscopic visualization and
tabletop displays can make life more organized and everything clear at a glance. With
this said, optics still contains great potential and deserves effort on the development of
more advanced devices.

Although optics is first defined through visual perception when visible light is

employed by human eyes to perceive our colorful world, it is a much broader concept and



has served to integrate many different subdisciplines in science, engineering and
technology, and spans the entire electromagnetic spectrum. With the different
mechanisms, there is a deep barrier in the interactions between electronics and photonics,
while it is easier and more arbitrary to tune light depending on its adjacent
electromagnetic frequencies. With this view in mind, current advances in optics span a
broader range of fields, and we could expect the further developments to serve to enhance
current capabilities, as well as to revolutionarily change the ways we understand and
interact with the world around us. One of the electromagnetic bands close to the visible
range lies from about 100 GHz to 10 THz, which is recognized as the far-infrared or
terahertz (THz) frequency range. In general, this spectral region is the last unexploited
portion of the electromagnetic spectrum, since it is not easily accessible using
conventional electronics or photonics. Although the technologies in its neighboring
spectral regions are rather mature, practical devices that operate in the THz region are
still rather rudimentary. To solve this problem, approaches have been made to this region
from both above (by extending optical techniques to lower frequencies) and below (by
extending electronic measurements to higher frequencies). However, in this region the
physical phenomena and material properties are unique and, thus, simple scaling often
cannot be applied and new techniques need to be developed. Despite the fact that this has
made the field very challenging, it has long been recognized as a region of great scientific
interest and technological importance, and has led to various applications.

One of the unique aspects of the THz spectral range is the development of the
approach to the temporal measurement of the signals via THz time-domain spectroscopy

(THz-TDS) [1]. Using this approach, the time-domain electrical field transient can be



measured by sweeping the coherent femtosecond laser pulses when increasing the optical
path length in one branch of the pump-probe scheme, and subpicosecond temporal
resolution can be obtained. In contrast to conventional optical measurements, where the
transmitted optical power is measured, the direct measurement of the THz electric field
yields a complete set of data with both amplitude and phase information, which is
significant in understanding the mechanisms revealed by the complex form of the
electrical field. More specifically, the real and imaginary components of the dielectric
constant can be completely computed based on the complex amplitude coefficient,
avoiding the use of Kramers-Kronig analysis.

Based on the current situation in the area of THz applications, my research is
focused on investigating the underlying mechanisms of the surface plasmonic structures,
exploring unconventional plasmonic materials, and designing new devices for surface
plasmonic applications at THz frequencies. The work described in this thesis is focused
on three topics that include examination and characterization of THz plasmonic
properties of a variety of materials, demonstration of constructing high performance THz
devices using periodically structured metal films, and optimization of conically tapered
apertures for concentration of terahertz (THz) radiation to benefit the practical near-field

microscopic and imaging systems.

1.2 Motivation
In order to develop new techniques for the THz spectral range, SPPs are one of
the possible solutions that provide unique features. The surface plasmon polaritons (SPPs)
are electromagnetic excitations bound to the interface between a metal and a dielectric.

They mediate the metal-light interaction via coupling of the electromagnetic field to the



oscillations of the conductor’s electron plasma. The SPPs are evanescent waves and
decay exponentially from the metal-dielectric interface, so they are different from the
free-space electromagnetic waves—for example, they are not restricted by the diffraction
limit. Due to their tight bounding to the interface, they can tightly confine, effectively
guide and efficiently focus radiation. One of the important publications in this field, from
Ebbesen et al., described the extraordinary optical transmission (EOT) through metallic
periodic lattices with structures on the scale of or less than the wavelength of light [2].
This phenomenon relies on the SPPs modulated by the two-dimensional (2D) periodic
lattices, and the transmission is greatly enhanced at the wavelengths, which is equal to the
lattice periodicity. Therefore, the SPPs can also strongly enhance the radiation based on
the resonance effect.

In the surface plasmonic applications, the dielectric properties of the metal highly
influence the performance of the device. Because of this, gold and silver are the primary
metals that are used at optical frequencies, because most other metals exhibit
unacceptably high losses. In contrast, plasmonic applications at longer wavelengths, such
as in the terahertz (THz) spectral range, have an advantage that the conductivities of all
conventional metals are sufficiently high so that relatively low losses are incurred over
reasonable propagation lengths. The wider selection of metallic materials will greatly
benefit the fabrication processes and enrich the possible functionalities of devices.

The enhanced transmission through 2D periodic arrays of subwavelength
apertures has attracted significant attention in exploring the underlying physical
mechanisms behind the phenomenon [3,4]. In Chapter 2-5 we discuss our work on the 2D

arrays of subwavelength apertures fabricated in stainless steel foils, graphite films and



layers of multiwalled carbon nanotubes. We describe the dielectric properties of these
plasmonic metamaterials with the modification to the analytical model we previously
defined [5]. We again confirm that this model is valid and quite powerful in
characterizing the dielectric properties of plasmonic metamaterials. We also develop a
high performance filter with multiple layers of periodic aperture arrays made in stainless
steel foils based on the associated plasmonic effect. Although conventional metals are
usually selected in SPP applications, their conductivity cannot be easily altered, which is
a highly desirable characteristic in developing active plasmonic devices. In this case, the
graphite and multiwalled carbon nanotubes (MWCNTS) are expected to be potential
candidates in active plasmonic applications, since they have a number of unique
characteristics, including a highly anisotropic conductivity, which could be altered. We
provide evidence with the dielectric information that graphite and carbon nanotubes
could be used as plasmonic media.

Besides the demonstration of the perforated apertures patterned in 2D periodic
lattices as mentioned above, another example of the surface plasmonic structures include
a subwavelength single aperture surrounded by periodically spaced circular corrugations,
which is referred to as a bullseye structure. This structure is first proposed by Thio et al.,
who found that the optical transmission could also be strongly enhanced at wavelengths
corresponding to the period spacing of the corrugated gratings [6]. Based on these initial
demonstrations at optical frequencies [6-8], there has also been work on this geometry in
other frequencies [9,10]. Moreover, our group carefully studied this geometry fabricated
with variable numbers and parameters of concentric annular grooves on stainless steel

foils at THz frequencies [11-14]. With the fundamental understanding to the plasmonic



mechanism of the bullseye structure, we discuss our work on highly sensitive THz
detectors based on periodically corrugated gratings surrounding a photoconductive
antenna in Chapter 6.

In the previous section, we focus on the periodic structures that can excite SPPs
and enhance the coupled electromagnetic radiation. In fact, the unique dispersion
properties of SPPs also allow them to be tightly focused to dimensions smaller than the
corresponding free-space diffraction limit. To realize this objective, tapered structures are
typical choices, such as tapered apertures, tapered wires and tapered parallel plate
waveguides. The first realizations of near-field surface plasmonic focusing emerged in
the optical microscopic field in 1984 [15]. A sharply pointed quartz crystal tip coated by
metal with a small aperture was used as the probe and the resolution was achieved at 25
nm. In 1997 [16] and in 2000 [17], Nerkararyan published two theoretical papers
analyzing the ability to achieve superfocusing of SPPs in a wedge-like structure and a
conical structure, and mentioned that a tapered structure would result in the focusing of
polaritons and anomalous increase of electric field. However, until 2004, researchers
mainly focused their attention on near-field scanning optical microscopy and neglected
the highly concentrated power associated with the focusing process. The significance of
superfocusing in tapered structures was clarified in 2004, when Stockman clearly stated
the nanofocusing of energy in a tapered plasmonic waveguide [18]. Most importantly, he
pointed out that the nanofocusing could essentially foster various prospective applications
in nano-optics and nanotechnology with also greatly enhanced optical fields. This work
has aroused great interest in studying tapered structures.

Among the different geometries of tapered structures, the tapered



apertures/tapered hollow waveguides are widely used in near-field microscopy [19] and
other optical components [20-22]. Associated with the applications, there has been
sufficient theoretical analysis on this geometry, but few systematic experimental studies
have been done on the properties of the geometry. Based on the initial experimental work
in our group [23], we continue the study on the characterization of concentrating THz
radiation through conically tapered metallic apertures in Chapter 7-10. Our goal is to
study the parameters of the structure and improve its performance by modifications to the
geometry. The optimized structure could enhance the capabilities of such a probe in near-
field microscopy and imaging. To demonstrate the feasibility of the probe, we set up a

practical near-field imaging system.

1.3 Qutline

Here, we review our work in each chapter before the major part of this
dissertation to give a brief overview of the scope of our work.

In Chapter 2, we systematically demonstrate an approach to measure the dielectric
response &(®) of subwavelength aperture arrays fabricated in metal films using THz-TDS,
and modeled the response based on the geometric parameters of the arrays. Using THz-
TDS, we are able to directly obtain the complex dielectric response function from the
THz experimental transmission measurements. Based on a model we developed before,
we make effective modifications and obtain a much better fit to the experimentally
extracted data. In the following two chapters, we will see that the modified model works
well with double layers of aperture arrays in stainless steel foils and the aperture arrays in
the films of graphite. In addition, by efficient characterization of the graphite and carbon

nanotube films in Chapters 4 and 5, we provide evidence that they have good surface



plasmonic properties.

Following the studies in the last chapter, we experimentally demonstrate the
ability to create additional transmission resonances in a double-layer aperture array by
varying the interlayer gap spacing in Chapter 3. In the case of periodic aperture arrays,
these additional resonances are sharply peaked, while for random aperture arrays the
resonances are broad. Notably, these additional resonances only explicitly occur when the
interlayer gap spacing is greater than half the aperture spacing on a single periodic array.
Since there is no corresponding periodicity in the random arrays, these resonances occur
regardless of how small the gap spacing is made. This phenomenon can be accurately
modeled only if the correct frequency-dependent complex dielectric function of a metal
film perforated with subwavelength apertures is used. We conclude by demonstrating
several passive free-space THz filters using multilayer aperture arrays. Importantly, we
show that the magnitude of the lowest order resonance can be approximately maintained,
while the background transmission can be significantly suppressed, leading to a
significant improvement in the optical filter fidelity.

In Chapter 4, we demonstrate that highly oriented pyrolytic graphite is a
potentially useful material for plasmonic applications in the THz spectral range. Using
THz-TDS, we study the transmission properties of a ~ 7.5 um thick graphite film made
via mechanical exfoliation, and find that the complex dielectric constant follows the
Drude model with a plasma frequency vp = 34 THz. To assess the graphite plasmonic
properties, we fabricate a subwavelength periodic aperture array in the graphite film and
in a free-standing stainless steel film. Despite the low conductivity of graphite compared

to conventional metals, the resonant transmission properties are similar.



We also demonstrate that MWCNTSs are capable of supporting SPPs at THz
frequencies in Chapter 5. To achieve this, we fabricate sub-100 um-thick freestanding
and highly oriented MWCNT aerogel sheets. Utilizing THz-TDS, we measure the
complex index of refraction of the sheets for two orthogonal nanotube orientations. We
find that the MWCNT sheets exhibit highly anisotropic THz polarization behavior. Based
on the extracted dielectric properties of the medium, which show that it exhibits metallic
behavior in the THz spectral range, we investigate the existence and propagation of SPPs
by studying the resonantly enhanced transmission through periodic MWCNT hole arrays.
We find that carbon nanotubes support SPP excitations that propagate along the tubes,
but highly suppress these surface waves in the direction perpendicular to the nanotubes.

In Chapter 6, we characterize a dipole antenna structure that allows for coherent
detection of narrowband THz radiation with enhanced sensitivity at the resonant
frequency. The antenna incorporates a corrugated metal structure that surrounds the
dipole. Each periodically spaced groove in the corrugation couples an approximate
replica of the incident THz pulse to a SPP pulse, which then propagates towards and is
detected by the dipole. We use numerical simulations to validate the experimental data.
Based on these results, we describe a multiband dipole antenna detector that allows for
enhanced sensitivity at multiple frequencies. This device can also be used as an emitter.

In Chapter 7, we optimize the geometrical properties of individual conically
tapered apertures (TAS) as a first step for our following research on the same geometry.
By taking the requirements of practical applications into consideration, we keep the
output aperture diameter fixed, and find that the optimal taper angle is 30° A

consequence of increasing the taper angle is that the effective cutoff frequency red shifts,
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which can be readily explained using conventional waveguide theory.

Based on the preceding research, we describe the optical concentration properties
of periodic arrays of conically tapered metallic apertures measured using THz-TDS in
Chapter 8.We fabricate and measure the transmission properties of a periodic (hexagonal)
array of optimized TAs. In contrast to periodic arrays of subwavelength apertures in thin
metal films, which are characterized by narrowband transmission resonances associated
with periodic spacing, here we observe broadband enhanced transmission above the
effective cutoff frequency. Further enhancement in the concentration capabilities of the
array can be achieved by tilting the apertures towards the array center, although the
optical throughput of individual TAs is reduced with increasing tilt angle. Finally, we
discuss possible future directions that utilize cascaded structures, as a means for
obtaining further enhancement in the amplitude of the transmitted THz radiation.

In Chapter 9, we investigate the spectral transmission properties of conically
tapered metallic apertures made in a split metallic plate using THz-TDS. The introduction
of even a small gap between the two halves of the plate results in spectral broadening of
the transmitted radiation due to a reduction of the cut-off effect. We find that the resulting
transmission spectrum can be described as a weighted sum of the spectra associated with
a TA and a parallel plate waveguide, with the gap spacing controlling the relative ratio.
We further find that the field concentration properties of the aperture in a split plate are
limited by the radiation leakage through the gap, and propose a tapered shell structure to
realize strong broadband field concentration. Using numerical simulations, we validate
these observations and yield insight into the mode properties within the split TA.

Then in Chapter 10, we demonstrate the near-field imaging capabilities of the
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split shell TA, in which the sidewall thickness is small in the vicinity of the gap, using
broadband THz radiation. In contrast to conventional conically tapered apertures, which
are characterized by strong transmission suppression below the cutoff frequency, the
combination of these geometrical features allows for significantly enhanced transmission
at frequencies below the cutoff frequency, without compromising the spatial resolution of
the structure. We fabricate such a structure consisting two pieces, such that there is an
adjustable gap along the length of the structure. We demonstrate the utility of this probe
for near-field imaging using a sample that is simultaneously imaged at several
frequencies that lie above, near and below the cutoff frequency. We observe only mild
degradation in the image quality as the frequency is reduced below the cutoff frequency.
These results suggest that further refinements in the probe structure will allow for
improved imaging capabilities at frequencies well below the cutoff frequency.

Finally in Chapter 11, we propose some new directions based on the work from

previous chapters that can also be extended to develop more devices.
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CHAPTER 2

COMPREHENSIVE ANALYSIS OF DIELECTRIC PROPERTIES OF

PLASMONIC METAMATERIALS

2.1 Introduction

One of the first material parameters that scientists examined while studying the
interaction between light and substance is refractive index, which is ubiquitous in its
appearance in the classic optical laws, e.g., Snell’s Law, Fermat’s Principle, etc. Along
with greater understanding of light-material interactions, the concept of material
properties has been extended to a complex and multivariate parameter, and its most
general embodiments are permittivity and permeability. Maxwell’s Equations are
macroscopic laws that govern the propagation properties of electromagnetic waves, and
permittivity and permeability are the elements necessary to express the relations.
Moreover, the material properties have been exploited to guide the electromagnetic fields.
In classic examples, lenses and prisms are designed into various shapes, such that the
refractive indices in the optical path determine the direction of optical rays. In a more
advanced case, numerical methods can be applied to properly design the material
properties to effectively engineer the functionality of various devices. One important
algorithm to achieve this goal is by means of transformation optics, which maps the
distortion of fields to the inhomogeneity of material properties through topology [1,2].

Due to the universality of the design and the diversity of the applications,



15

transformational optics has attracted enormous attention in the last decade, including a
variety of implementations, e.g., invisible cloaking [3-6], beam shifters and splitters [7],
lenses and light concentrators [8-10], field rotators [11], enhanced scatterers [12],
waveguide bends and corners [13], deep-subwavelength waveguides [14], and even
optical-illusion devices [15].

All the examples above demonstrate that the dielectric properties of a medium are
not only central to understanding the electromagnetic phenomena, but also of
fundamental importance in constructing demand-oriented devices. In many cases,
especially when transformation optics is applied, the devices require materials with
extraordinary electromagnetic characteristics that are difficult or impossible to achieve
with conventional, naturally occurring materials but can be realized by a new class of
materials called metamaterials [16]. The permittivity and permeability values of the
metamaterials can be designed to vary independently and arbitrarily throughout a
material by tailoring the subwavelength details of the structures, and thus they are usually
exploited to fulfill the demand of inhomogeneous materials for unconventional devices,
e.g., the aforementioned example of invisible cloaking [3-6]. In order to better exploit
metamaterials for practical applications, we must answer two questions: 1. How do we
calculate the dielectric response of metamaterials; 2. How do we model the dielectric
properties according to the dimensions of the subwavelength structures? These two
questions are complementary. The former has been applied in constructing the
metamaterial devices, but in order to realize specific values, the dimensions are
determined through trial and error, or through an evolutionary algorithm. For the latter,

although people tried to model some of the metamaterial to an IC circuit, much of the
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work has focused on a single unit and few studies investigated the structure from a
material perspective. However, as stressed above, to analytically model the dielectric
properties of metamaterials is important and efficient in device implementation, while the
numerical method is time- and energy- consuming.

The plasmonic subwavelength structure is within the category of metamaterials.
The concept of the plasmonic metamaterial was first put forward by Pendry et al. [17].
Assuming that metals are perfect conductors, they proposed a theoretical framework
hypothesizing that metallic films perforated with periodically spaced apertures exhibit an
effective dispersion relation due to the excitation of surface plasmon polaritons (SPPs).
Thus the electromagnetic field is governed by an effective permittivity; the effective
plasma frequency is distinct from the material plasma frequency and can be approximated
by the cut-off frequency of the waveguide mode in the individual apertures. Based on this
concept and Drude model as well as Fano-type resonance from a more material-based
perspective, we then developed the equation of the effective permittivity into a complete
form [18]. By means of this model, the effective permittivity can, in principle, be
designed to exhibit any response that we expect it to be, which provides great flexibility
in designing a variety of unique plasmonic metamaterials. In this chapter, we modified
the analytical model to better describe the dielectric properties of plasmonic
metamaterials. Using this method, we modeled single layers of periodic and random
aperture arrays made in stainless steel foils. In the next chapter, we confirmed the
validation of this model with double layers of periodic and random aperture arrays in
stainless steel foils and developed a high-quality array filter based on our studies of

multi-layer aperture arrays. In addition, we provide evidence with the dielectric
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information that graphite and carbon nanotubes could be used as plasmonic materials,
and also modeled the dielectric properties of graphite with the parameters of the

structured pattern, in the following chapters.

2.2 Theoretical Analysis

The calculation of permittivity and permeability of the homogeneous materials
could be fulfilled by Fresnel’s equations with complex transmittance and reflectance
(including phase information). According to the Fresnel equations, the reflection and

transmission coefficients can be written as

[TE _ n, cosé, —n, coso, 2.1)
ab ) .
n, cosé, +n, coso,

{TE = 2n, Cos o, | 2.2)
n, cosé, +n, cosé,

L cos@; —n, cos o,
b — ’
®  n,cosé, +n,cosé,

(2.3)

2n, coso,
™ = [ M— (2.4)
n, Cosé, +n, cosé,

where the superscripts TE and TM represent the polarization directions of the
components (any general waves can be decomposed into TE and TM waves), na and np
are the refractive indices of the two media where the wave is incident from and
transmitted to, and 0;i and 0 are the incident and refraction angles. Here if we consider a
simple case where the wave is incident normally to the face of a planar slab of a
homogeneous material in the air (refractive index no, = 1), as shown in Fig. 2.1, the wave
passes through two interfaces and could undergo multiple internal reflections as the

Fabry-Perot effect. Thus the equation could be written as
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Figure 2.1. Schematic diagram of a planar slab of a homogeneous material in the air
with the wave normally incident to the surface.
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Here, | is the thickness of the material, k=2xf/c, is the wavenumber and f is the frequency.
Upon solving this equation, the refractive index of the slab could be extracted. The

detailed extraction procedure of this equation could be found in Ref. [19].

2.3 Experimental Details

In our experiment, we fabricated two-dimensional (2D) aperture arrays ind = 75
um thick, ~5x5 cm? area of freestanding stainless steel metal foils by laser cutting using a
frequency tripled Nd:YAG laser. Two different aperture arrays, based on periodic and

random hole patterns, respectively, were designed and fabricated. The periodic aperture
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array consisted of 2D periodically spaced circular holes on a square lattice with a lattice
constant, a = 1.5 mm, and aperture diameters, D = 750 um, while the random aperture
array consisted of 2D randomly distributed circular holes designed to have an average
spacing, a’ = a, and the same aperture diameter D. As a result, these two different arrays
have the same fractional aperture area of ~19%. In Fig. 2.2, we show the photos of the
periodic and random aperture arrays.

We used THz time-domain spectroscopy (THz-TDS) to measure the optical
transmission spectra, t(®), of the perforated metal films, where the THz frequency v =
/2w [7]. A pair of off-axis paraboloidal mirrors was used to collect and collimate the
THz radiation from the emitter, which was then normally incident on the aperture array
structures. Each array was attached to a solid metal plate with a 5 cm %<5 cm opening that
was placed in the path of the collimated THz beam. The 1/e THz beam diameter was
smaller than the aperture opening in the metal holders and the spatial extent of the
aperture array structures, thereby minimizing edge effects due to the finite size of the
array samples. Reference transmission spectra were taken with just the metal holders in
the THz beam path using the same setup. The metallic foils were completely opaque prior
to fabrication of the arrays. Therefore transmission through the perforated metallic films
was uniquely due to the apertures.

The detected transient photocurrent was then Fourier transformed and normalized
to the reference transmission, yielding the electric field transmission spectrum, t(w),
which contains both the magnitude and phase of the amplitude transmission coefficient,

t(w), using the relation

to) = (o) expligfo)] = Summte (26)

reference
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Figure 2.2. The photo of the two aperture arrays used in the experiment, the random
array on the left and periodic array on the right.

In this expression, Etransmitted aNd Ereference are the incident and transmitted THz fields,
respectively, [t(o)| and ¢(®) are the magnitude and phase of the amplitude transmission
coefficient, respectively, and v = o /2w is the THz frequency.

As mentioned in Chapter 1, using the THz-TDS, the complex expression of the
variables in Eq. (2.5) could be obtained directly from the magnitude and phase of the

amplitude coefficient.

2.4 Experimental Results, Analytical Modeling and Discussion

The amplitude transmittance, t(®), and phase, ¢(®), spectra for the random
aperture array medium with normal incidence are shown in Fig. 2.3(a) and its inset.
Under this circumstance, since most conventional metals exhibit low loss in the THz
spectral range (including the stainless steels), the absorption of the samples is negligible.
We can simultaneously extract the real and imaginary components of the effective
refractive index n(w) using the magnitude, |t(®w)|, and the phase spectra, ¢(w) of the
amplitude transmittance [19]. Since the effective permeability u is frequency independent
and of the order of 1 in the non-magnetic materials [17,20], the effective permittivity ¢

could be examined through € = n?, as shown in Fig. 2.3(b) (red lines). As is demonstrated
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in [18], (o) exhibits the dispersion properties of a plasma, similar to that of a metallic
medium, and thus can be fitted with a Drude model. However, the model is distinguished
with an effective plasma frequency approximately equal to the waveguide mode cutoff
frequency, fc of a cylindrical aperture. fc here is given by the relation fc = cym/nD, where
¥m 1S @ mode-dependent constant equal to 1.841 for the lowest-order mode (TE11), and ¢
is the speed of light. We obtained an excellent fit to the real and imaginary components
of &(w), as shown in Fig. 2.3(b) (blue lines), with fit parameters given in Table 2.1, using

the complex g(w) response of the plasmonic lattices in the form of the ‘lossy plasma’:

£(o)=¢, (1—5’—j 2.7)
o +1lyw

where a~)p is the effective plasma frequency, ¢, is the high frequency dielectric constant,

and vy is the plasma relaxation rate.

The individual uncorrelated apertures in the random aperture array result in a
broad continuous transmission band [Fig. 2.3(b)]. In contrast, the transmission spectrum
associated with the periodic aperture array is characterized by resonant transmission
bands. Fig. 2.4(a) and its inset show t(w) and ¢(w) spectra, respectively, also measured at
normal incidence. The measured transmission spectra exhibit enhanced resonance peaks
and concomitant sharp antiresonance (AR) dips immediately to the right of the resonance
peaks, as shown in the measured transmission spectra in Fig. 2.4(a). We have shown
previously that the AR feature is directly related with the underlying structure factor [21],

and matches the equation [22,23]
oy, =2?7zcxlm2+n2 , (2.8)

where c is the speed of light in a vacuum, a is the lattice periodicity, m and n are integers,
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Figure 2.3. Determination of the real and imaginary components of &(w) for the
random aperture array with D = 750 um and fractional aperture area of ~19%. (a) The
amplitude transmission t(w) and phase ¢(w) (inset) spectra of the random aperture
array measured using THz-TDS. (b) Spectra of real and imaginary &(®) components
(red line) obtained from t(®) and ¢(w) shown in Fig. 2.3(a). The modeled &(w) of the

random aperture array (blue line) is based on Eq. (2.7) with parameters given in Table
2.1.

Table 2.1. The “best fit” parameters for the effective &(w) of random aperture arrays
with D = 750 um. The parameters are defined in Eq. (2.7).

&, @, (rad/ps) vy (rad/ps)

37 0.73 0.35
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and we assume nefs = 1 for the refraction index of SPP along air-metal interface in the
THz spectral range [21]. Using the two measured spectra, we again obtained the
dielectric response shown in Fig. 2.4(b) (red lines), for the real and imaginary &(®)
components.

As is also demonstrated in Ref. [18], &(w) of the periodic lattice is strongly
modulated in the vicinity of the resonant frequencies. Although we have carefully studied
the dielectric response in Ref. [18], superposing the Fano-type interference on the Drude
model in Eq. (2.7) and quantitatively described it using inherent reciprocal vectors of the
periodic aperture arrays having periodicity G = 2m/a, we note that with slight

modification to the formula, we could obtain a better fit to the experimental data,

R ED ) P E—— 2.9)

where @, is the effective plasma frequency, &, and €,; are associated with the relative
contributions of all of the components, v is the plasma relaxation rate, @, ; and o, ; are

the effective longitudinal optical (LO) and transverse optical (TO) frequencies associated
with the ‘phonon-like’ resonant contributions in the effective medium, and y; is the
relaxation rate (inversely proportional to the linewidth) of the jth resonance. The first
term in Eq. (2.9) corresponds to a smooth ‘plasma-type’ response, and is the only term
used in modeling the random arrays (discussed above), while the last (summation) term
in Eq. (2.9) corresponds to the discrete resonances associated with the periodic aperture
arrays. The modeled ¢(w) of the periodic aperture array using Eg. (2.9) are also shown in
Fig. 2.4(b) (blue lines), with fit parameters given in Table 2.2. In fitting the data for the

periodic arrays, we used the same effective plasma frequency (@, ) that we used in
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Figure 2.4. Determination of the real and imaginary components of &(®) for the
periodic aperture array with D = 750 um and a = 1.5 mm. (a) The amplitude
transmittance t(w) and phase ¢(w) (inset) spectra of the periodic aperture array
measured using THz-TDS. The resonance peaks R;j and antiresonance dips AR; are
marked when j is the resonance order. (b) Real and imaginary components of the
effective &(m) response for the periodic aperture array extracted from the amplitude
and phase of t(w) (red traces) in Fig. 2.4(a). The fit (blue traces) is calculated using
Eqg. (2.9). The features corresponding to Rj and AR; are also marked.

Table 2.2. The “best fit” parameters for the effective &(w) of periodic aperture arrays
with lattice spacing, a = 1.5 mm and diameter, D = 750 pm. The parameters are

defined in Eq. (2.9). In the fit, the TO resonant frequencies, e, were set to the AR

frequencies [Eq. (2.8)] in the transmission spectra, while the LO resonant frequencies,
@, ;, were set to the frequencies corresponding to the resonance peaks, R;.

& @, (radlps) g (radlps) én @, (rad/ps) @, (rad/ps)  y, (rad/ps)

10.6 0.73 0.35 12 1.19 1.26 0.042

£ o, (radlps)  ;,(rad/ps) ¥, (rad/ps)

1.5 1.68 1.78 0.07
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describing e(w) of the corresponding random aperture array. The TO frequencies (e ;)

in the resonant contribution correspond to ARz and AR> frequencies (Fig. 2.4), which can
also be derived from the standard surface plasmon equation [Eq. (2.8)].

With a more careful observation of the individual Fano-resonance, we linked it to
more information hidden in the amplitude spectra t(m) and ¢(w). Associated with each
resonance, there are two features we would like to point out: one is the sharp
antiresonance (AR;) dip which is closely related to the periodic spacing of the lattice, and
the other is the resonance peaks (Ri) on the lower frequency side of the AR;, where j is
the order of the resonance. They both also correspond to the clear features in the &(®)
spectra [Fig. 2.4(b) (blue lines)]. With a slight modification to the dielectric fitting model,
we found that not only the TO resonant frequencies correspond to the AR; frequencies
but also the LO resonance frequencies are close to the R; frequencies. We also obtained a

more matched plot, as shown in Fig. 2.4(b) (red lines).

2.5 Prospective Applications and Possible Future Directions

According to the macroscopic theory of materials and Maxwell’s Equation, both
the permittivity and permeability of a media could be written as 3>3 matrices which fully
present the relations between the components of electric and magnetic fields in the 3-axis
coordinate systems. Moreover, if we take the nonlinear effect of materials into
consideration, each component in the matrices could include both first order and higher
order terms. For example, in the magneto-optic/gyrotropic effect, the permittivity is a 3>3

matrix with off-diagonal components
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e=|¢&,—Ig, & &g, +ig, (2.10)
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g, +ig, &, —ig, P

Using our method, we could fully investigate the & matrix with the complete
measurement of all three components of the electric and magnetic fields. Moreover, we

could extend our formula to the periodic aperture arrays in the magneto-optic media and

study the influence factor of the gyration vector @ .

2.6 Conclusion

In summary, we have measured the complex dielectric function &(w) at THz
frequencies for random and periodic aperture arrays perforated in metallic films. We
theoretically analyzed the extraction of the dielectric constants from the transmitted
electric fields. From our previous studies, €(®) of the random aperture array consists of
an effective ‘plasma-like’ response that is associated with the uncorrelated individual
apertures. However, when the apertures are put into a periodic lattice, the discrete
resonance oscillations are superimposed with the term of the random array, due to the
launched SPP interference related to the reciprocal vectors of the underlying aperture
arrays in the Fourier space. Therefore, the dielectric responses could be modeled
quantitatively according to the geometric parameters. For instance, the effective plasma
frequency is determined by the diameter of the individual apertures, and the transverse
optical (TO) frequencies are described by the antiresonance (AR) dip frequencies which
are attributed to the periodicity of the lattice. Based on these findings, we further noticed
that the resonance peak frequencies should also contribute to the formula model, reflected

in the longitudinal optical (LO) frequencies. Owing to this, we also modified the formula
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based on the careful observation of the Fano-resonance shape, and obtained a better fit to

the experimentally extracted dielectric response. Moreover, we demonstrated the

generalized application of this modeling. With a full measurement of all the components

of the electric and magnetic fields, the dielectric function, &(w), could construct a

complete model of the plasmonic metamaterials and deepen our understanding of the

underlying surface plasmonic mechanisms in a broader field.
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CHAPTER 3

ENGINEERING THE PROPERTIES OF TERAHERTZ FILTERS

USING MULTILAYER APERTURE ARRAYS

3.1 Introduction

Technology development within the terahertz (THz) spectral range (1 THz = 102
Hz) has lagged severely behind that of other regions of the electromagnetic spectrum
[1,2]. While reasonable progress has been made in developing sources and detectors,
other device technologies are still at a rather rudimentary stage [1,2]. A significant reason
for this lies in the fact that dielectric materials typically used for passive and active
device applications in microwave and optical applications tend to exhibit high loss at
THz frequencies. Metals, on the other hand, are highly conductive at these frequencies
[3], allowing for low propagation losses. The field of plasmonics [4], and the use of
surface plasmon polaritons (SPPs), is therefore particularly attractive for THz device
development. As an example, single layer periodic [5] and aperiodic [6] arrays of
subwavelength apertures fabricated in metal films have been shown to exhibit resonantly
enhanced transmission approaching unity [7,8], even for relatively small fractional
aperture areas. Here we show that when two or more aperture arrays are placed in close
proximity to one another, new transmission resonances arise that are associated with the
gap spacing between the arrays, offering an additional mechanism for tailoring their

optical properties. Importantly, proper design of these additional resonances requires that
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the complex dielectric response of the single aperture array be determined. Furthermore,
with appropriate layer spacing in multilayer structures, we obtained extremely high
transmission at the primary resonance frequency, along with substantial suppression of
the background transmission increasing the filtering fidelity.

The resonant optical properties of subwavelength aperture arrays (also known as
‘plasmonic lattices’ or ‘plasmonic metamaterials’) have been explained in terms of SPPs
that mediate the metal-light interaction via coupling to corrugated metal surfaces [5],
where the electromagnetic field associated with the SPPs decays exponentially from the
metal-dielectric interface. While the nearly exclusive focus of both theoretical and
experimental work has been on the transmission response of single layer plasmonic
lattices [9], there have been a number of experimental and theoretical studies of double
layer aperture arrays [10-15]. It was found that when the gap spacing, d between the two
plasmonic lattices was large, the resulting transmission properties could be obtained by
considering each array independently. However, when d becomes sufficiently small, it is
expected that the coupling between the SPP waves on the inner, adjacent surfaces of the
two layers would yield new and interesting spectral transmission characteristics. Here we
show that this coupling forms additional resonances for small values of d that may be

used in designing THz filters.

3.2 Experimental Details

We used the aperture arrays, periodic aperture arrays and random aperture arrays,
which have the same designs as those in Chapter 2, while here the same type of aperture
arrays were put together to form the multilayer aperture arrays. Again, the two-

dimensional (2D) aperture arrays were fabricated in 75 pm thick, ~5x5 cm? area of
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freestanding stainless steel metal foils and have the same fractional aperture area of ~19%.
One aperture array pair consisted of 2D periodically spaced circular holes on a square
lattice, while the other pair consisted of 2D randomly distributed circular holes. In Fig.
3.1, we show a schematic diagram of the double-layer aperture array with the relevant
dimensions.

We used the same setup as in Chapter 2, THz time-domain spectroscopy (THz-
TDS), to measure the optical transmission spectra t(w) of the perforated metal films,
where the THz frequency v = @/2n [7]. A pair of off-axis paraboloidal mirrors was used
to collect and collimate the THz radiation from the emitter, which was then normally
incident on the aperture array structures. Each array was attached to a solid metal plate
with a 5 cm x5 cm opening that was placed in the path of the collimated THz beam and
placed on a translation stage to vary the distance between the arrays. The 1/e THz beam
diameter was smaller than the aperture opening in the metal holders and the spatial extent
of the aperture array structures, thereby minimizing edge effects due to the finite size of
the array sample. Reference transmission spectra were taken with just the metal holders
in the THz beam path using the same setup. The metallic foils were completely opaque
prior to fabrication of the arrays. Therefore transmission through the perforated metallic
films was uniquely due to the apertures. The detected transient photocurrent was then
Fourier transformed and normalized to the reference transmission, yielding the electric
field transmission spectrum, t(w). THz-TDS allows for the direct measurement of the
THz electric field, yielding both amplitude and phase information. By transforming the
time-domain data to the frequency domain, we are able to determine independently both

the magnitude and phase of the amplitude transmission coefficient, t(®), using the
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Figure 3.1. Schematic diagram of a double-layer aperture array with aperture diameter,
D = 750 pm, periodicity, a =1500 pm, metal film thickness, h = 75 pm and gap
spacing, d, taking on values between 0-3000 pm.

relation

(@) = ft(@)|explig(e)] :_Eérgns_mmm( an))) (3.1)

In this expression, Eincident and Ewansmitted are the incident and transmitted THz fields,
respectively, |t(w)| and ¢(w) are the magnitude and phase of the amplitude transmission

coefficient, respectively, and o/2n is the THz frequency.

3.3 Experimental Results, Simulation and Discussion

Figure 3.2 summarizes our experimental studies on the periodically perforated
metallic films. Based on the characterization of the single periodic aperture array, this
plasmonic lattice with the center-to-center aperture spacing, a = 1.5 mm, forms a lowest
order (£1,0) antiresonance (AR) frequency, ®(AR1)/2n = 0.2 THz and second lowest (+
1, £1) AR frequency, (AR2)/2x = 0.28 THz, as shown in Fig. 3.2(a). We have shown
previously that the AR feature (i.e., the sharp dip immediately to the right of the
resonance peak) is directly related to the underlying structure factor [6]. We note that
although the fractional aperture area is only ~19%, the absolute resonant transmission

amplitude at the lowest resonance, Ri is >80%. In Fig. 3.2(b), we show the
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Figure 3.2. THz electric field transmission spectra, t(m), using a double-layer periodic
aperture array. (a) t(w) of a single-layer periodic aperture array using the parameters
given in Fig. 3.1, where the resonances (Ri) and antiresonances (AR;) are denoted. (b)
t(w) for the double-layer structure as a function of the gap spacing, d. The new
transmission bands are labeled MFP: and MFP, (see text). The plots are vertically
offset from the origin in units of 0.6 for clarity. (c) Summary of the experimental
resonant frequencies, o/2x, for R1, MFP1 and MFP2 bands in t(®) as a function of d.
(d) Summary of the experimental transmission magnitude t(m) at the lowest order
resonance peak o(R1)/2n = 0.1886 THz, as a function of d. (¢) Summary of the
experimental transmission magnitude t(w) at an arbitrarily selected frequency ®’/2n =
0.141 THz, as a function of d. In (d) and (e), the red lines between dots are used to
guide eyes and the black dotted line indicates the position at d = 0.75 mm.
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obtained THz transmission spectra for a double-layer plasmonic lattice structure versus
the interlayer spacing, d. The basic features of the transmission spectra can be
summarized as follows. For d < di = 0.75 mm (where di = a/2), t(®) for the double-layer
aperture array is similar to that of the corresponding single aperture array. Specifically,
the resonance and antiresonance frequencies of the (=1,0) order resonance are identical
for the single and double arrays [Figs. 3.2(a) and (b)], although the double-layer structure
exhibits lower overall transmissivity. For values of d > d1, however, we obtain additional
transmission resonances in the double-layer array that are not present in the case of a
single layer. We label these new resonances, meta-Fabry-Perot (MFP) resonances, as
explained below. The new resonance, labeled MFP1, appears at frequencies wi/2n <
o(R1)/2n, and moves progressively to lower frequencies with increasing d. However
when d > d> = 1.5 mm (where dz = a), we obtain a second new resonance, labeled MFP;
[Fig. 3.2(b)] whose frequency, w2/2x, also decreases with d. The various new resonance
frequencies are summarized in Fig. 3.2(c). Also, we show the transmission magnitude at
o(R1)/2r = 0.1886 THz and o’/2x = 0.141 THz as a function of d, respectively in Figs.
3.2(d) and 3.2(e). We note that there are rules to follow the cycles, as discussed below.

In order to determine the origin of the additional MFP resonances and understand
the underlying mechanisms of the transmission through the double-layer arrays, we
perform numerical simulations based on the experimental parameters (Fig. 3.1) and the
interlayer spacing, d. Since the MFP resonances emerge at array distances associated with
integer values of a/2, namely di = (a/2) and d» = 2(a/2), it is reasonable to consider Fabry-
Perot reflections as the underlying mechanism. These reflections, however, need to be

modified according to the dielectric response of the underlying plasmonic lattice, which



35

is actually a ‘metamaterial’. In the study of plasmonic lattices, a common approach for
determining the transmission resonance frequencies is to use the dielectric properties of
the (unperforated) metal film, although this typically yields only approximate resonance
frequencies. In Fig. 3.3 we calculate the resulting transmission spectra, taking all Fabry-
Perot reflections between the two aperture array films and a numerical resonance
spectrum into account, assuming that the dielectric properties of the aperture arrays can
be approximated by that of an unstructured metal film at THz frequencies having a
dielectric response & ~-3x10* + i10° [3]. The poor agreement with the experimental
results demonstrates that a more sophisticated model for &(w) response of the plasmonic
lattice needs to be considered.

In the last chapter, we extracted the dielectric response of the identical aperture
array [Eqg. (2.9) and Table 2.2]. Here we calculated the transmission spectra of the
double-layer array using the modeled dielectric response [Fig. 3.4(a)], taking multiple
reflections into account and assuming a single cycle broadband THz pulse at normal
incidence. While contributions from Fabry-Perot reflections typically need to take all four
surfaces of the double-layer structure into account, for d > di we find that reflections
between the inner array surfaces dominate. In Fig. 3.4(b), we show the resulting
simulated spectra as a function of d; they are in good agreement with the experimental
data. In Fig. 3.4(c), we plot the calculated frequencies associated with the Ry, MFP1 and
MFP> resonances as a function of d, and compare these to the experimental frequencies;
once again, the excellent agreement between the simulation and experimental data
validates our approach. There are a few points to be made here. If we consider Fabry-

Perot reflections, when d < di, the constructive interference should show up above
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Figure 3.3. Numerical calculations of t(w) for a double-layer periodic aperture array,
assuming that g(w) is that of an unperforated metal at THz frequencies (¢ ~ -3<10* +
i10°). The spectra are offset from the origin in units of 1 for clarity and scaled to make
the features clearer.
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Figure 3.4. Numerical calculations of t(w) for a double-layer periodic aperture array.
(a) Real and imaginary components of the effective ¢(w) response for a single-layer
periodic aperture array extracted from the amplitude and phase of t(w) (red traces).
The fit (blue traces) is calculated using Eq. (2.9). (b) Numerical simulation of the
transmission spectra for the double-layer structure using the modeled dielectric
properties obtained in Fig. 3.4(a). MFP1, MFP2 and R: resonances are denoted. (c)
Summary of the experimental [red diamonds from Fig. 3.2(c)] and calculated (blue
triangles) resonant frequencies w/2x for R1, MFP1 and MFP2 bands in t(w) spectra, as
a function of d. (d) Summary of the experimental (red trace) and calculated (blue
trace) transmission magnitude t(w) at the lowest order resonance peak ®(R1)22n =
0.1886 THz, as a function of d. (¢) Summary of the experimental (red trace) and
calculated (blue trace) transmission magnitude t(w) at an arbitrarily selected frequency
®’/2n = 0.141 THz, as a function of d. In (d) and (e), the red lines between dots are
used to guide eyes and the black dotted line indicates the position at d = 0.75 mm.
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®(AR1)/2n = 0.2 THz, or even when d > di, some of the higher order resonances would
show up above 0.2 THz. We can also roughly observe more dips on the right side of the
lowest order peak in Fig. 3.2(b). However, the resonances from the constructive
interference of the reflected radiation are more obvious when they are situated below the
lowest order resonance frequency. However, there should be other mechanisms besides
the Fabry-Perot reflections, if we pay attention to the fluctuation trends in Figs. 3.2(d)
and 3.2(e). In order to make our finding clearer, we lay the calculated magnitude at the
same frequencies atop the plots in Figs. 3.2(d) and 3.2(e), also taking multiple reflections
into account, and display them in Figs. 3.4(d) and 3.4(e). Apparently, compared to the
regular cycles associated with the calculated plots, the experimental data exhibit cyclical
changes when d > ds, but the trend for d < d1 is not regular. We assume that when the two
layers are very close, there is coupling between surface waves on the two inner surfaces.
This phenomenon leads to more complicated mechanisms and needs greater study.

In order to further demonstrate that the emergence of the MFP transmission
resonances can be explained by using the correct complex dielectric function of the
perforated metal film rather than the unperforated metallic response, we measured the
transmission properties of a commensurate pair of random aperture arrays. First, we show
the transmission spectrum of a single random array [Fig. 3.5(a)]. As expected, the
transmission spectrum does not show evidence of any resonance, which is consistent with
the fact that the Fourier transform of this geometry does not contain any discrete Fourier
components. When two such arrays are separated by d, however we observe broad
resonances in the otherwise smoothly varying transmission spectrum, as shown in Fig.

3.5(b). Again using the effective &(w) of the identical array from last chapter [Eq. (2.7)
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Figure 3.5. Electric field transmission spectra, t(w), as in Figs. 3.2 and 3.4, but for a
commensurate double-layer random hole array with apertures of diameter, D =
750pm, metal thickness, h = 75 pm and spacing, d that varies between 0-3000 pm. ()
Experimentally measured t(w) of a single-layer random aperture array. (b)
Experimentally measured t(w) of the double-layer structure for three different values
of d. MFP: through MFP4 represent the different orders of MFP resonances. (c)
Experimental (red line) and calculated (blue line) real and imaginary () components
of the individual random array extracted from t(w) in Fig. 3.5(a). (d) Numerical
simulation of t(w) for the double-layer hole array structure using the same parameters
as in Fig. 3.5(c). (e) Summary of the experimental (red diamonds) and calculated (blue
triangles) resonant frequencies, ®/2x for the MFP1 through MFP4 bands in t(®) as a
function of d.
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and Table 2.1], as shown in Fig. 3.5(c), we repeated the simulation mentioned above to
obtain t(®) as a function of d, as shown in Fig. 3.5(d), and summarized in Fig. 3.5(¢e). We
again see excellent agreement between our experimental data and numerical
computations. In contrast to what was observed with the periodic arrays, there does not
appear to be a minimum d associated with the appearance of MFP resonances. This is
consistent with the lack of periodicity in this double-layer structure.

Based on enhancement of resonances between closely spaced aperture arrays, we
are now able to extend this general idea for demonstrating highly efficient free-space
THz filters, as summarized in Fig. 3.6. In Fig. 3.6(a), we show the transmission
properties of a single-layer periodic array and two 0.75 mm thick periodic arrays having
d =0 and d = 0.75 mm, respectively. For d = 0, the double-layer aperture array is
equivalent to a single, 1.5 mm thick periodic aperture array. In fact the transmission
spectrum is identical to what is observed for a single-layer array, albeit with somewhat
reduced amplitude. For d = 0.75 mm, no distinct MFPs are expected. However, since d =
0.75 mm corresponds to a local maxima in t(®) vs. d for the ( = 1,0) resonance [Fig.
3.2(d)], we expect larger transmission compared with that for d = 0. In fact, the R:
transmission amplitude is nearly identical to that of the single-layer array, although t(w)
at other frequencies above and below the R: resonance is dramatically reduced. Similar
behavior is expected for other array spacings that correspond to local maxima (i.e., the
reflections yield constructive interference). The notion of maintaining high transmission
response for the R: resonance while reducing the background transmission can be
implemented also using multiple arrays.

In this case, the spacing between the arrays is significantly larger (~1 cm), as



42

1.0 1.0
— Single HA L )
- —— Single HA
—— Double HA d=0mm f
0.8 — Double HA d=075mm 0.8+ —— TripleHA Input Output
L | — —
; 0.6 ; 06+ A B C
o L o
£ o4 g
02 @w‘;
0.0 | | | ]
005 010 015 020 025 030 035 005 010 015 020 025 030 035
/21 [THZ] /21 [THZ]
(a) (b)

Figure 3.6. t(w) spectra of multilayer periodic aperture arrays. (a) Comparison
between a single-layer structure (black line) and a double-layer structure with spacing
d = 0 (blue line) and d = 0.75 mm (red line). (b) Comparison between a single-layer
aperture array (black line) and a triple-layer aperture array structure (red line) with d ~
1 cm. (Inset) Schematic diagram of the triple-layer transmission measurement. The
middle plate is rotated from the normal by 5<

shown in Fig. 3.6(b). We introduce a small 5°rotation in the center array to further
minimize the transmission away from the R: resonance [16,17]. While the R:
transmission for the triple array is slightly smaller than that of the single array, the
resonance quality factor is higher, and the transmission away from the R; resonance is

dramatically minimized compared with a single array.

3.4 Conclusion

Our results demonstrate that carefully designed multilayer aperture arrays can
allow for two important device capabilities: (1) the introduction of additional resonances
associated with the layer spacing, which may be used to generate more complex THz
spectral filtering properties, and (2) the ability to create high quality narrow bandpass
THz filters. These capabilities were illustrated primarily using double-layer aperture

arrays, although multilayer structures may allow for additional refinement of the
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transmission properties. In addition, the use of aperiodic geometries [6] as well as
conductive nonmetallic materials [18] may allow for greater control over the MFP
resonance frequencies, as well as the potential for active THz optoelectronic device
applications. Finally, it should be noted that interesting “three dimensional” structures
using stacks of aperture array layers in a variety of geometries might give rise to new and

interesting optical interference phenomena.
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CHAPTER 4

TERAHERTZ PLASMONIC PROPERTIES OF HIGHLY ORIENTED

PYROLYTIC GRAPHITE

4.1 Introduction

The many different allotropes of carbon are fascinating in that they can possess
remarkably different transport and optical properties. Among the various allotropes,
graphene has elicited the most interest in recent years. Single layer graphene exhibits a
constant 2.3% absorption at normal incidence, and its infrared absorption can be tuned by
electrically tuning the Fermi level [1-3]. While a number of interesting device
implementations have been demonstrated recently using graphene [3-7], the high
transmissivity of graphene limits its utility in terahertz (THz) plasmonics applications.

Multilayer graphene, in the form of graphite, is perhaps the most common
allotrope of carbon and is readily available in thick film form. In fact, the optical
properties of graphite have been well studied across the entire electromagnetic spectrum
[8-12]. However reflection measurements are usually required because of the highly
absorbing nature of graphite, which arises from its unique electronic properties, where the
intraband and interband optical transitions within the p electron band extend up to 7 eV
[8]. In these measurements, since only the reflected optical power is readily measured,
Kramers-Kronig (K-K) relations are necessary to compute the complex dielectric

constant g(w). Given the limitations in spectral measurements, the use of such a
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transformation often yields data that have limited accuracy. Despite the strong interest in
the optical properties of graphite over the years, optical studies using transmission
spectroscopy through thin graphite films, which yields a more accurate &(®), have not
been demonstrated.

Within the field of plasmonics, the phenomenon of enhanced optical transmission
(EOT) through perforated metal films with periodic subwavelength hole arrays (HAs) [or
plasmonic lattices] has also been extensively studied over the last two decades [13-15].
The EOT spectrum consists of a number of relatively sharp resonances and correlated
antiresonance features, which are closely related with the reciprocal vectors in the HA
structure factor [15]. The EOT resonances are more pronounced for good conductors
such as silver and gold at visible frequencies. However at THz frequencies, even
relatively poor metals such as stainless steel [15] and lead [16] have very high THz
conductivities and therefore support surface plasmon polariton (SPP) excitations, a
precursor for obtaining EOT through the perforated film. In fact, a broad range of exotic
metals that include heavily doped conducting polymers [17] and one dimensional
multiwalled carbon nanotube sheets [18] have been found to support relatively low loss
SPP propagation and thus may be useful for THz optoelectronics technology in the near
future.

We characterized the THz optical spectra of a thin highly oriented pyrolytic
graphite (HOPG) film using THz time-domain spectroscopy (THz-TDS). Using incident
radiation that was polarized perpendicular to the ¢ axis of the graphite film, we obtained
the complex &(w) spectrum of the material without the need for K-K approximations.

This was possible because the THz electric field was measured in this type of
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spectroscopy, which yielded both the transmission amplitude and phase spectra. The
graphite plasma frequency, vp = 34 THz, was obtained by simultaneously fitting the real
¢’(w) and imaginary €”(w) part of the dielectric constant e(w) [= &’(®) + ie”(w)] using the
Drude model approximation, in agreement with the theoretical value. We also studied
THz EOT through perforated graphite films with periodic subwavelength HAs and
showed that graphite supports SPP excitations. The “effective” dielectric constant £*(w)
of the obtained plasmonic lattice was investigated in comparison with &*(®) of a
corresponding stainless steel plasmonic lattice. From this comparison we concluded that
despite the fact that graphite exhibits a lower conductivity compared to that of
conventional metals such as stainless steel, the transmission properties of their plasmonic

lattice structures are, in fact, similar in nature.

4.2 Experimental Details, Results and Discussion

The HOPG with dimension of 10mmx>10mm>lmm was purchased from SPI
Supplies. 1t is a relatively new form of high purity graphite that consists of a lamellar
structure of stacked graphene planes, which yields the relatively easy “exfoliation
properties” of the material. The reported intraplane electrical resistivity is p = ~4 %107
Qcm, whereas the interplane p = ~0.2 Qcm; four orders of magnitude difference in p
shows the known marked anisotropic physical properties of the graphite. Graphite has a
relatively low carrier density of ~10*° cm™ at room temperature because of its semimetal
characteristics [19]. In order to obtain a thin graphite film, we used the well-developed
scotch tape technique with a smooth surface; this method formed films of ~7-10 um thick
and 1>x1cm? area. The film roughness was measured by a profilometer to be on the order

of a few tens of nanometers. For the graphite HA fabrication, we used an excimer laser to
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mill holes in the graphite sheets. We fabricated a 1212 square HA structure that
consisted of 0.3mm diameter circular holes having lattice constant (or nearest neighbor
hole distance) a = 0.7mm.

We used a THz-TDS setup for measuring the optical transmission spectra t(w) of
the unperforated and perforated graphite films. Photoconductive devices were utilized for
both emission and coherent detection of the THz field (see the detail in Ref. [15]). The
detected transient photocurrent PC(t) was recorded as a function of the pump/probe
translation stage path that determined the time delay, t, between the “pump” beam that
hits the emitter and the “probe” beam that arrives at the detector. PC(t) was subsequently
Fourier transformed and normalized to a reference transmission, yielding both the electric
field transmission amplitude and phase t(w) in the spectral range of ~0.1 THz-0.5 THz
for the plasmonic lattice measurements, and 0.4 THz-1.8 THz for the unperforated films.
These different spectral ranges were obtained using different THz systems, which were
required because of the significantly different transmission properties of the two types of

structures. The resulting Fourier transformed data were described by the relation

t0) = @) exlip(o)] = e ). @)

In this expression Eincident and Etransmitted are the incident and transmitted THz fields,
respectively, and the respective [t(w)| and ¢(w) are the amplitude and phase of the
transmission. From t(w) both real and imaginary components of the refractive index
Necomplex(®) can be directly obtained without the need for K-K approximations, where
somewhat arbitrary assumptions about asymptotic behavior are typically made.

We first present the obtained transmission spectra of a ~7.5 um thick HOPG film,

where the THz beam polarization is perpendicular to the graphite ¢ axis. The Fourier
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transform of the transmission in the time domain (not shown here) yields the transmission
amplitude and phase spectra shown in Fig. 4.1(a). Since the graphite film is quite thick, a
small transmission of less than ~0.4% was obtained in the THz range. Based on the fact
that a single layer graphene sheet exhibits a constant transmission of ~98% [1,2], we
estimate that our HOPG film consists of about a thousand graphene layers, in fair
agreement with the estimated film thickness. From the obtained transmission amplitude
and phase spectra, we could readily calculate the complex index of refraction Ncomplex(®)
spectrum n(w) + ik(w), as shown in Fig. 4.1(b). Both n and « increase at low frequencies,
in agreement with previous measurements of the graphite refractive index obtained using
reflectivity measurements [12]. The absorption coefficient spectrum is given by the
relation o(v) = 2mvk(v)/c, where the electric field decay is given by exp[-o(v)d]), v is the
THz frequency, and c is the speed of light in a vacuum. Based on the data in Fig. 4.1(b),
a(v) increases at low photon energy, which is also in agreement with previous studies
[12].

Next we calculated both €’(w) and £”(w) spectra from n(w) and k(w) spectra, as
shown in Fig. 4.2. In order for a medium to support SPP excitations, it is necessary that
g’(®) (= n? — «?) be negative [20]. Based on the spectrum in Fig. 4.2, €’(®) is indeed
negative over the entire THz spectral range studied here, demonstrating that SPPs may be
supported in our HOPG film. To obtain the plasma frequency of the HOPG film, we
simultaneously fit €’(®) and €”(w) spectra using the Drude model for the conductivity of

carriers subjected to the momentum relaxation rate y:

~2

g(w):g{l_Lj, (4.2)

o +iyw
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Figure 4.1. Transmission properties of a ~7.5 um thick HOPG film obtained from THz
time domain measurements. (a) The spectra of the THz electric field transmission
amplitude t(w) (blue) and phase ¢(®) (red, inset) through the graphite film. (b) The
complex refractive index spectra, n(w) and k(w), of the graphite film obtained from the
data in Fig. 4.1(a).
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Figure 4.2. The real €’(®w) and imaginary €”(®w) components (red lines) of the graphite
complex dielectric constant, obtained from the data in Fig. 4.1. The black lines show
the best fit of the data using a Drude model approximation [Eq. (4.2)], where the fit
parameters are noted.
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where ® = 21v, &« IS €” at high frequency, and oy is the plasma frequency of the material.
Figure 4.2 shows the best fit of &(w) using the Drude model [Eq. (4.2)], where the fitting
parameters are all provided in the figure. The best-fit plasma frequency is wp = 213.6
rad/ps (corresponding to vy = 34 THz or 136 meV), which is more than a factor of 40
smaller than the plasma frequency of typical metals such as Al and Ag. The reason for
the small oy is that graphite has a significantly smaller carrier density N ~ 10'%/cm? due
to its semimetal characteristics. Our fitted plasma frequency is in good agreement with
some values reported in the literature [19,21]. We note that in spite of the complicated
graphite band structure at the Fermi energy, the obtained wp is consistent with the simple
plasma frequency formula, namely op = (4nNe?/m*¢)Y/2, taking into account the graphite
DC dielectric constant € and an effective electron mass m* ~ 0.1me.

It is interesting to study SPP propagation in graphite, where the conductivity
anisotropy is large. A simple way to study this is via the EOT spectrum on a perforated
graphite sheet, since SPP propagation is needed for the transmission enhancement. Figure
4.3(a) shows the THz transmission spectrum through a graphite plasmonic lattice having
a hole diameter D = 0.3 mm and lattice constant a = 0.7 mm. The occurrence of EOT
resonances confirms that graphite indeed supports SPPs due to its “metallic properties.”
For comparison, we fabricated an identical plasmonic lattice on a stainless steel foil and
studied its THz transmission [Fig. 4.3(a)]. Comparing the EOT spectra of the two
plasmonic lattices, Figure 4.3(a) clearly shows that the low energy antiresonance feature
occurs exactly at the same frequency var ~ 0.43 THz. This is the expected frequency for
the (1,0) plasmonic lattice mode that corresponds to the plasmonic lattice constant a = 0.7

mm, with var = c/a. However, as clearly seen in Fig. 4.3(a), the graphite (1,0) resonance is



52

10
—— Graphite array
0.8 —— Steel array
;{ 06—
T
S04
02—
0.0 | | | | |
01 02 03 04 05 06 07
/21 [THz]

400 (a)

300

£"(m)
£"(m)

— Experimental Extraction— 200

—— Experimental Extraction
Modfied Drude fit

£'(m)
&'(m)

L /‘\ —— Madified Drude fit

100

0 _ | |
02 03 04 05 06 02 03 04 05 086

/21 [THz] /2n [THZ]
(b) (c)

Figure 4.3. THz transmission properties of a periodic hole array having lattice constant
a = 0.7 mm and hole diameter D = 0.3 mm fabricated on films of graphite and
stainless steel. (a) The THz electric field transmission spectra t(w) of the graphite hole
array (red line) and the stainless steel hole array (blue line). (b), (c) The effective
dielectric spectra ¢*(w) obtained from the transmission spectra in Fig. 4.3(a), where
the red lines are the effective dielectric constants of the graphite hole array and the
blue lines are those of the stainless steel hole array. The black and green lines show
the best fits using the effective dielectric constant model [Eq. (4.3)]; the fit parameters
are given in Table 4.1.
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weaker and broader than that in the stainless steel and, in addition, is red-shifted
compared to the stainless steel resonance. These differences in the resonant mode are
probably due to different strengths of the SPP loss in the two materials [17], which
determines the resonance shape. The higher loss in the graphite film may be due to its
poorer metallic properties and small intraplane conductivity that results in larger skin
depth.

In order to more quantitatively compare the EOT spectra of the two fabricated
plasmonic lattices, we studied the effective complex dielectric constant *(w) of the
graphite and stainless steel HA structures. Figures 4.3(b) and 4.3(c) show the real and
imaginary components of ¢*(w) in graphite and stainless steel HAs calculated from the
amplitude and phase of their respective EOT spectra, obtained the same way as for the
unperforated graphite film discussed above. It is clear that e*(w) spectra are similar in the
two plasmonic lattices, even though the optical properties of graphite and stainless steel
are very different from each other. Using the theoretical approach that is described in
Chapter 2, we modeled €*(w) spectra of the two plasmonic lattices using the following

formulae [20]:

E*(w)=8?[1ﬂ}2‘831 o] o (43)

o’ +iy'o - (al;-)z—a)z—ij/}‘a)
wheree;, y"and o, are the effective parameters that correspond to the Drude model [Eq.
(4.2)] and ¢, are associated with the relative contributions of each of the EOT

resonances. As discussed in Ref. [20], o and oy in Eq. (4.3) are the respective

longitudinal and transverse frequencies of the resonant mode j, analogous to phonon and
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exciton contributions in semiconductors to g(w) at resonance conditions. The fit of £*(w)
using Eq. (4.3) is shown in Figs. 4.3(b) and 4.3(c) for the graphite and stainless steel
plasmonic lattice, respectively, whereas the best fit parameters are given in Table 4.1.
Surprisingly, most of the fit parameters in the two plasmonic lattices are similar; this
shows that the plasmonic lattices in the THz range are not very sensitive to the
underlying metal. The exception is the ¢ parameter, where &; for graphite is an order of

magnitude larger than in stainless steel. The reason for that is not clear at the present time.

4.3 Conclusion

We investigated the THz transmission through a ~7.5 um thick HOPG film using
THz time-domain spectroscopy with the incident radiation polarized perpendicular to the
graphite ¢ axis. We obtained the complex refraction index and &(w) spectra using the
measured transmission amplitude and phase, without the need of Kramer-Kronig
transformations and related approximations. The &(®) spectrum was fit with the Drude
model, from which we obtained the graphite plasma frequency v, = 34 THz; this value is
consistent with the low carrier density of graphite at room temperature. Despite the low
plasma frequency, graphite clearly supports SPP excitations in the THz spectral range. To
prove this we perforated the graphite film with periodic subwavelength HAs and
measured resonant enhanced transmission, which arise from interference between SPPs
on the film surfaces. Although graphite exhibits a lower conductivity than other
conventional metals such as stainless steel, the resonant transmission properties are
similar in nature. This demonstrates that a broad range of similar materials may be useful

for THz plasmonic applications.
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Table 4.1. The best fit parameters of the effective dielectric to describe the enhanced THz
transmission spectrum in graphite and stainless steel plasmonic lattices. Description of

the various parameters is given in the text. Except for ¢;and ¢, all other parameters are
given in units of rad/ps.

Material ¢ , Y Em O, OV Ep O, @ 7,
Graphite 130 239 065 30 226 251 015 30 331 355 0.25
Stainless

15 239 0.7 7 245 251 0.15 1 369 355 0.2
Steel
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CHAPTER 5

TERAHERTZ SURFACE PLASMON POLARITONS ON

FREESTANDING MULTIWALLED CARBON

NANOTUBE AEROGEL SHEETS

5.1 Introduction

Carbon nanotubes (CNTs) have attracted significant attention because of their
unique electrical, optical and mechanical properties [1-3]. Recently, there has been
growing interest in studying the physical properties of highly aligned carbon nanotube
sheets [3-9]. A unique aspect of these materials is the fact that this structure has high
electrical and optical anisotropy that results from their large aspect ratio, making CNTs a
nearly ideal quasi-one-dimensional system. This anisotropy manifests itself in numerous
different ways. For example, ellipsometry measurements at optical frequencies have
demonstrated the highly anisotropic nature of the dielectric constants and conductivities
of aligned CNTs [9,10]. The polarized absorption of single-walled carbon nanotubes
(SWCNTSs) have been reported, which has allowed for the determination of the nematic
order parameters of the sample [11]. The polarization-dependent Raman scattering
measurements of substantially aligned SWCNT fibers showed dramatic reduction of the
Raman intensities in all spectra for the perpendicular excitation compared to those in
parallel excitation, while the relative intensities of the radial and the tangential modes

remained unchanged [12]. In measurements of the anisotropic conductivity of SWCNT
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films [4-6] and multiwalled CNT (MWCNT) films [7], it was found that it follows a
Drude- like behavior for lossy metals at THz frequency. In both materials, however, the
samples were prepared on glass slides or Si wafers. This ambient environment may affect
the optical and electrical properties of the materials.

We characterized the THz optical spectra of free standing MWCNT films using
terahertz time-domain spectroscopy (THz-TDS) for incident radiation polarized parallel
and perpendicular to the nanotube axis. While there was strong anisotropy in the
extracted dielectric constants, the medium exhibited metallic behavior for both
orientations, which was a necessary condition for supporting surface plasmon-polaritons
(SPPs). Based on this finding, we fabricated an array of subwavelength apertures in 25
pm and 60 pm thick sheets of MWCNTSs. In the case of the thinner CNT sheet, we
observed enhanced optical transmission [13,14] only when the incident radiation was
polarized parallel to the CNT axis. However, for the slightly thicker sheet, we did not
observe enhanced transmission with either orientation. This suggested that absorption

within the apertures was significant in this material.

5.2 Experimental Details

A MWCNT ‘forest” was synthesized by catalytic chemical vapor deposition [3].
The CNT sheet was drawn from a sidewall of the forest on steel washers with an inner
diameter of ~2 cm. Multiple forest-drawn MWCNT films can be made by stacking
together parallel sheets so that the nanotubes are oriented parallel to each other. The CNT
sheet thickness was determined by counting the number of layers. We studied two
different MWCNT sheets: a 25 pum thick sheet having 12 layers and a 60 pum thick sheet

composed of 30 layers. From the thickness and measured areal sheet density, the
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volumetric density was calculated to be very light, ~0.0015 g/cm3. In Fig. 5.1(a), we
show a photograph of a portion of an aperture array fabricated in the 30-layer, 60 pm
thick freestanding CNT sheet drawn on top of a steel washer. For the CNT hole array
(HA) fabrication, we used an excimer laser to mill holes in the CNT sheets. The array
consisted of 0.65 mm diameter circular holes fabricated on a square lattice with a
periodicity of 1.2 mm.

We used a THz-TDS setup [shown in Fig. 5.1(b)] for measuring the optical
transmission spectra, t(o) of the unperforated and perforated MWCNT films, where the
THz frequency v = w/2n. Photoconductive devices were utilized for both emission and
coherent detection of the THz field. Two off-axis paraboloidal mirrors were used to
collect and collimate the linearly polarized THz beam from the emitter and focus the
beam to the detector. The samples were attached to a solid metal plate witha 2 cm %2
cm opening that is significantly larger than the THz beam size, and placed in the path of
the collimated THz beam. The detected transient photocurrent, PC(t), was recorded as a
function of the translation stage path that determined the time delay, t, between the
‘pump’ beam that hits the emitter and the ‘probe’ beam that arrives at the detector. PC(1)
was subsequently Fourier transformed and normalized to a reference transmission,
yielding both the electric field transmission magnitude and phase, t(w) in the range ~0.1

THz - 0.5 THz. The resulting Fourier transformed data may be described by the relation:

t(@) = (@) explip(e)] = Eltz—tt@(g’)’) (5.1)

In this expression Eincident and Etransmitted are the incident and transmitted THz fields,
respectively, and |t(w)|] and ¢(w) are the magnitude and phase of the amplitude

transmission coefficients, respectively. The THz-TDS technique is unique in that it
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Figure 5.1. Experimental details of the temporal transmission measurement of the
MWCNT films. (a) Photograph of the perforated carbon nanotube sheet with 30 CNT
layers. The circular apertures have a diameter, D, of 0.65 mm and a periodic spacing,

a, of 1.2 mm arranged in a square lattice. (b) Schematic drawing of the THz-TDS
experimental geometry.

allows for a direct measurement of the transient THz electric field transmitted through the
structures, yielding both amplitude and phase information. From such spectra both real
and imaginary components of the refractive index, ncomplex(®) can be directly obtained
without the need for Kramers-Kronig transformations, where somewhat arbitrary

assumptions about asymptotic behavior are typically made.

5.3 Results and Discussion

In order to study SPP propagation on perforated MWCNT sheets, we first need to
fully characterize the complex dielectric properties of the unperforated MWCNT sheets.
In Fig. 5.2(a) we show the measured THz time-domain waveforms transmitted through a
25 um MWCNT sheet, where the nanotubes are aligned parallel or perpendicular to the
incident THz polarization (hereafter, these will be referred to as ‘parallel” and

‘perpendicular’). For reference purposes, we also show the time-domain waveform
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Figure 5.2. Transmission and dielectric properties of a 25 um thick unperforated
MWCNT sheet. (a) THz time-domain waveforms of the transmission through the
MWCNT sheet for parallel and perpendicular orientations. The transmission spectra
(b,c) and complex refractive index components, nand « (d,e) in the parallel (b,d) and
perpendicular (c,e) orientations, respectively, as obtained from Fig. 5.2(a). Note the

scale difference between n and

K.
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associated with the incident THz beam. It is apparent that the transmission properties are
strongly dependent on the orientation of the nanotubes. This polarization dependence can
be more clearly seenwhen the transient photocurrent in Fig. 5.2(a) is Fourier transformed
to yield the normalized amplitude and phase spectra in the frequency domain [see Eq.
(5.1)], as shown in Figs. 5.2(b) and 5.2(c), respectively. Using these two orientations, we
observe an extinction ratio (T1/Ty) of ~2. Similar THz polarization behavior in CNT
sheets has been observed previously by several groups [4-9].

From the amplitude and phase information of the transmission, we can readily
calculate the frequency-dependent complex index of refraction, nand «, as shown in Figs.
5.2(d) and 5.2(e). While the real component, n, of the refraction index for the two
nanotube orientations is similar, there is a large difference in the imaginary index of
refraction, x, which is related to the absorption coefficient. The frequency dependent
absorption coefficient is given by the relation a(v) = 2rnvk/c, where the electric field
decay is given by exp[-a(v)d], v is the THz frequency and c is the speed of light in a
vacuum. Based on the data in Figs. 5.2(d) and 5.2(e), the absorption coefficient is smaller
at lower photon energy, which is in agreement with previous studies [4—6]. In order for a
medium to support SPPs, the sign of the real component of the dielectric constant, & = r?
— 2, must be negative. Based on the data in Figs. 5.2(d) and 5.2(g), & is negative for both
orientations over the entire THz spectral range studied here, demonstrating that SPPs can
be supported in principle.

It is well known [13,14] that gratings having periodic or aperiodic order may be
used to compensate for the momentum mismatch between the incident light and SPP

dispersion. In the case of subwawvelength hole arrays, this results in SPP-induced
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enhancement of the transmission at several resonant frequencies. With this in mind, we
fabricated periodic hole arrays with periodicity of 1.2 mm and circular hole diameter of
0.65 mm in the nanotube sheets via laser ablation. In Fig. 5.3(a), we show the measured
THz waveforms transmitted through a CNT hole array using a CNT sheet with a
thickness of 25 pum and with the nanotubes aligned parallel to the incident THz
polarization. The transmission spectrum shows that only ~50% of the THz field is
transmitted.

In Fig. 5.3(b), we show the corresponding amplitude and phase spectra. Though
weak, there is a clear resonance in the transmission spectra at ~0.25 THz. In order to
explain the location of this resonance, we note that the antiresonance (AR) frequencies
(as opposed to the resonance frequencies) can be found directly from the spatial Fourier
transform of the real space aperture geometry [14]. Inthe case of a periodic array, the AR

frequencies are given analytically by [13]:

C . .
Var = NEE (5.2)

a‘nSPP

where

1
g8, |2
Nspp :{ ‘ } . (5.3)

En +8d
In these equations, nsep is the effective refractive index for the propagating SPP, em and &4
are the complex dielectric constants of the array medium and the adjacent dielectric
media, respectively, a is the aperture periodicity, and i and j are integers that index the
resonance order. Using the data in Fig. 5.2(d), we find that nspp = nair = 1.015. From Eq.
(5.2), we calculate the lowest order AR frequency, correspondingto i==*1and j =0, to

occur at a frequency var = 0.25 THz The associated transmission resonance
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Figure 5.3. Transmission and dielectric properties of a 25 pum thick MWCNT hole
array with 0.65 mm diameter holes and 1.2 mm periodicity in a parallel orientation. (a)
THz time-domain waveforms measured after transmission through the MWCNT hole
array in the parallel orientation, along with the reference. (b) Amplitude and phase
spectra obtained from Fig. 5.3(a). (c) Calculated complex refractive index spectra, n
and « obtained from Fig. 5.3(b).
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peak appears at a frequency that is just slightly smaller than this value. Although a clear
AR is not apparent in Fig. 5.3(b), the computed value is in good agreement with our
observations.

The transmission resonance further demonstrates that SPP excitations do exist and
propagate on the one-dimensional nanotube structure. In contrast to the resonantly
enhanced light transmission in a stainless steel structure, the transmission peak here is
much weaker because of the greater THz absorption [15,16]. Furthermore, the
transmission peak is quite broad and does not clearly show an antiresonance dip at the
frequency higher than the resonance peak frequency. This indicates, more generally, that
carbon nanotubes are lossy at THz frequencies, in agreement with the conclusions of
Katsounaros et al. [6]. The effective imaginary component, k of the refractive index for
the structure in Fig. 5.3(c) clearly shows that the absorption at the resonance peak
frequency is smaller than at other frequencies, corresponding to a larger transmission.
Nevertheless, the observed resonance transmission of around 8% is encouraging, when
taking into account the very low density of the MWCNT sheet (0.0015mg/cm?). We also
examined the electric field transmission properties of the MWCNT HA with
perpendicular orientation (not shown). We found that the resonantly enhanced light
transmission through the CNT sheet does not occur in this case. The probable reasons are:
(1) very low conductivity along this direction over this frequency range [see Figs. 5.2(c)
and 5.2(e)]; and (ii) SPPs do not exist for directions orthogonal to the nanotube axis,
because it is a nearly ideal quasi-one-dimensional system.

Up to this point, we have only examined the 25 pm thick MWCNT sheet. In Fig.

5.4(a) we show the strong THz transmission anisotropy for a 60 um MWCNT sheet. In
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Figure 5.4. THz transmission properties of 60 pum thick MWCNT sheets. (a)
Transmission spectra of an unperforated MWCNT sheet. (b) Transmission spectra of
the film perforated with a periodic hole array with 0.65 mm diameter apertures and 1.2
mm periodicity on a square lattice, for both parallel (red) and perpendicular (blue)
orientations. (c) The transmission spectrum for the hole array [parallel orientation
from Fig. 5.4(b)] [red line] and the calculated normalized transmission for a single
aperture (dashed black line) plotted in an extended scale.
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this case, the extinction ratio (T./Ty) is nearly 40, which is more than an order of
magnitude larger than the value obtained with the 25um MWCNT sheet, and in good
agreement with the literature [7,8]. Based on the high absorption for the parallel
orientation [see Fig. 5.4(a)] we fabricated an array of subwavelength apertures with
parameters identical to those for the 25 pm thick film. However, in this case we did not
observe any resonantly enhanced transmission in either orientation, as can be seen from
the transmission spectra shown in Fig. 5.4(b). This indicates that although the THz
absorption from the film is high because of the high conductivity, the energy launched
from the apertures in the form of SPP waves is probably reabsorbed in the thick MWCNT
material. This places a practical limit on the thickness of MWCNT sheets for plasmonics
applications. Nevertheless it is clearly seen that the transmission spectrum of the
perforated film in the parallel geometry increases for v > ~0.2 THz, indicating that the
individual holes still act as transmission enhancers [14], even though there is no SPP
interference between the holes, which is necessary to yield transmission resonances [15].
In order to clarify this point, in Fig. 5.4(c) we plot the transmission spectra for the
parallel orientation in Fig. 5.4(b) along with the calculated (normalized) transmission
expected for a single aperture [14,17]. The good agreement between the data and model
calculation confirms that the apertures act as individual transmission enhancers, but do
not communicate with other apertures via launched SPPs, because of the large attenuation

that hampers SPP propagation on the film surfaces.

5.4 Conclusion
We fabricated sub 100 pm-thick freestanding and highly oriented MWCNT sheets

using the catalytic chemical vapor deposition method. Using THz-TDS we measured the
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complex index of refraction spectra of the sheets for two orthogonal nanotube
orientations. We found that the thick CNT sheet shows highly anisotropic THz
polarization behavior with extinction ratio values of ~40. We investigated the existence
and propagation of SPP excitations at THz frequencies by studying the resonantly
enhanced transmission spectra through periodic aperture arrays fabricated on the
MWCNT sheets. We found that CNTs support SPP propagation along the tubes.
However, no SPP-related enhanced transmission was detected in the perpendicular
direction. Furthermore we found that the resonantly enhanced transmission is absent in
aperture arrays fabricated on a thick MWCNT sheet, although the individual apertures
still act as transmission enhancers. These somewhat contradictory results can be
explained by the strong reabsorption of the SPP excitations on the CNT sheet that

prevents SPP propagation along the surfaces.
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CHAPTER 6

COHERENT DETECTION OF MULTIBAND TERAHERTZ RADIATION

USING A SURFACE PLASMON-POLARITON BASED

PHOTOCONDUCTIVE ANTENNA

6.1 Introduction

Terahertz time-domain spectroscopy (THz-TDS) is an extremely important and
increasingly popular technique for spectroscopic and imaging applications in the far-
infrared [1]. A commonly used approach for generating broadband terahertz (THz)
radiation involves the use of photoconductive devices, such as Hertzian dipole antennas
fabricated on semiconductor substrates in which the carrier recombination times are
extremely short [2,3]. While much of the focus in this area has been on broadband
applications, numerous applications require only narrowband THz capabilities. As
examples, the ability to differentiate between materials based on their spectral
fingerprints [4,5] or to observe its conformational state in a time-resolved manner [6]
typically only requires that spectral information be measured at a few select frequencies.
Thus, a coherent multiband THz detector that exhibits greater sensitivity at those select
frequencies may be more useful than a broadband detector for such applications. Such a
photoconductive device could also be used as a multiband THz emitter.

While there are a number of viable approaches to developing such detectors [7-9],

some of the developments within the field of plasmonics seem particularly relevant.
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Corrugated metal surfaces are well known to allow for narrowband propagation of
surface plasmon-polaritons (SPPs) [10]. Of particular relevance here, when a concentric
circular grating surrounds a subwavelength aperture, the radiation transmitted through the
aperture can be strongly enhanced at specific frequencies related to the periodicity of the
corrugation [11]. While the initial demonstrations using these so-called bullseye
structures were performed at optical frequencies [11,12], related observations have been
made at THz [13] and microwave [14] frequencies. These bullseye structures have been
used to improve the sensitivity of photodiodes [15,16], the throughput of surface emitting
lasers [17], and the coupling to microwave [17] and THz waveguides [18].

We experimentally demonstrated enhanced narrowband detection using a dipole
antenna surrounded by an electrically isolated portion of a bullseye structure relative to a
dipole antenna without the surrounding structure. We found that the frequency associated
with sensitivity enhancement was directly related to the corrugation periodicity, while its
magnitude was related to the number of annular grooves. We performed numerical finite-
difference time-domain (FDTD) simulations of these geometries and found good
agreement with the observations. Based on these results, we designed a dipole antenna
with a modified bullseye structure that allowed for enhanced multiband detection

sensitivity.

6.2 Experimental Details

Figure 6.1 shows schematic diagrams of the dipole antennas. We fabricated two
dipole antennas on a silicon-on-sapphire (SOS) substrate that had a 0.6 pm thick silicon
layer using standard lithographic techniques and aluminum metallization. In both devices,

the dipole antenna is 100 pm wide with tip spacing of 5 um and metal line width of 20
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Figure 6.1. Schematic diagram of the fabricated bullseye dipole antenna. (a)
Schematic diagram of the bullseye dipole antenna with an expanded view of the dipole
section of the antenna. The dipole antenna is 100 um wide with tip spacing of 5 um
and metal line width of 20 um. (b) Schematic cross-section of the right quadrant of the
bullseye, showing the 500 pm circular opening on the left side. The bullseye pattern
consists of eight concentric annular grooves that span 90< centered on the dipole. The
rectangular cross-section annular grooves are 100 m deep and 500 pm wide, with a
periodic spacing of 1 mm.
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um. One antenna was used as the reference and we fabricated a portion of a bullseye
structure on the other. As shown in Fig. 6.1(a), two quadrants of a bullseye pattern are
placed to the left and right of the dipole with the center of the circular pattern lying at the
center of the dipole. Since the antenna is overwhelmingly sensitive to incident THz
radiation polarized parallel to the dipole, the contributions of the top and bottom
quadrants of the bullseye are negligible.

To form the bullseye structures, a 100 pm thick layer of SU-8 2025 negative
photoresist was spun-cast to define the annular protrusions. We then deposited a 400 nm-
thick layer of aluminum to fully define the bullseye pattern. It should be noted that with
metal thicknesses that are greater than ~ 2 skin depths (6 ~ 150 nm for Al at THz
frequencies [19]), the dielectric properties of the underlying medium do not affect the
SPP propagation properties [20]. As shown in Fig. 6.1(b), the bullseye pattern consists of
a single 500 um diameter circular opening surrounded by eight concentric annular
grooves that span 90< The rectangular cross-section annular grooves are 100 pm deep
and 500 pm wide, with a periodic spacing of 1 mm. The central opening in the bullseye
pattern ensures that the structure is not electrically connected to the dipole. This is
important, since the frequency response of the antenna is associated with the effective
dipole length. The gap in metallization between the bullseye and the dipole does not
significantly reduce the coupling of SPPs to the dipole. Both dipoles were used as

detectors, while only a standard dipole antenna was used as the broadband THz emitter.

6.3 Experimental Results, Simulation and Discussion

Figure 6.2 summarizes the experimental and numerical results. In Fig. 6.2(a), we

show the temporal waveforms measured with a collimated broadband incident THz beam
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Figure 6.2. Time-domain waveforms and corresponding amplitude spectra of the two
dipole antennas. (a) Experimentally measured time-domain waveforms for the
reference dipole (red trace) and the bullseye dipole (black trace). The temporal
waveforms have been offset from the origin for clarity. (b) The corresponding
amplitude spectra of Fig. 6.2(a). (c) Numerically simulated time-domain waveforms
for the same structures as in Fig. 6.2(a). The temporal waveforms have also been
offset from the origin for clarity. (d) The corresponding amplitude spectra of Fig.
6.2(c).
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for the reference dipole and bullseye dipole antennas. No substrate lenses or other
focusing lenses were used in either case. It is obvious from the data that the waveform
associated with the reference antenna is made up of only a single bipolar pulse, while the
waveform associated with the bullseye dipole antenna is comprised of the initial bipolar
waveform and eight time-delayed oscillations (one per groove). This is consistent with
our earlier demonstration that the transmitted time-domain waveform through a bullseye
structure consists of a nonresonant contribution related to direct propagation through the
subwavelength opening and a resonant contribution related to the phase-coherent
interaction of the THz pulse with the structured metal surface [13]. Therefore, by
performing the measurement in this manner (i.e., without any lenses), the role of the
bullseye pattern in the detected signal is clearly evident. As seen in corresponding
amplitude spectra, shown in Fig. 6.2(b), the reference antenna exhibits broadband
response, while the bullseye antenna exhibits a factor of approximately two enhancement
relative to that of the reference dipole at the resonant frequency of 0.3 THz. It is worth
noting that the bullseye structure does not appear to reduce the frequency response of the
dipole, as seen in Fig. 6.2(b). Also, because the bullseye corrugation “collects” THz
radiation over a larger area than the dipole, no substrate lens [2,21] is needed.

In order to confirm these results, we performed FDTD simulations. In Fig. 6.2(c),
we show the simulated time-domain waveforms for the two antennas. The waveform
associated with the bullseye dipole contains an initial single cycle waveform followed by
eight phase-coherent oscillations (one per groove); however, these oscillations are larger
in magnitude than in Fig. 6.2(a). This arises from two assumptions made in the

simulations: (1) we assume that the metal can be modeled as a perfect electrical
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conductor, so there is no absorption loss, and (2) the incident beam is modeled as a plane
wave, while in the experiment the beam has a Gaussian spatial distribution. The
corresponding amplitude spectra are shown in Fig. 6.2(d). Based on these assumptions,
the spectrum for the bullseye dipole antenna exhibits stronger enhancement at the
resonant frequency of 0.3 THz.

With these initial results in mind, we now describe modifications to the bullseye
dipole that will enable enhanced sensitivity at multiple frequencies. The simplest
implementation involves creating a superposition of two separate periodicities. As shown
in Fig. 6.3(a), we can combine two separate geometries: structure 1 with the 200 pm wide
grooves periodically spaced by 600 pm, and structure 2 with 600 pm wide grooves
periodically spaced by 1.2 mm. In both cases, the grooves are 50 pm deep. To implement
this idea, we numerically simulated the signal of the structure shown in Fig. 6.3(b).
Within these simulations, we also altered the dimension of the central opening, as shown
in Fig. 6.3(c), since we found that this parameter could alter the relative magnitudes of
the resulting resonances.

In Fig. 6.3(d), we show the amplitude spectra associated with each of the bullseye
dipole antennas normalized by the response of a simple dipole antenna. It is clear that
there are three resonance peaks at 0.25 THz, 0.5 THz and 0.75 THz (and a weak peak at 1
THz), where structure 2 (1.2 mm periodicity) contributes to all of the peaks (fundamental,
second harmonic, third harmonic and a weak fourth harmonic), while structure 1 (400 pm
periodicity) only contributes to the 0.75 THz resonance (fundamental). Since the
harmonics associated with structure 2 become increasingly weak for higher orders, we

introduce structure 1 to increase the magnitude of the resonance at 0.75 THz. In the
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Figure 6.3. Numerical simulations of structures designed for multiple frequency
enhancements. (a) Decomposition of the structure into two sections: structure 1 with
groove width, a; (200 pm), periodicity, p: (600 pm), and structure 2 with groove
width, a» (600 pm), periodicity, p2 (1.2 mm), both with groove depth, (h: and hz, 50
pm). (b) Schematic diagram of the resulting bullseye dipole antenna. (c) The
composite structures with different opening diameters of 300 pm, 400 pm and 500
pm. The dotted lines denote where metal would be removed. (d) Normalized
amplitude spectra showing sensitivity enhancement relative to a simple dipole
antenna.
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implementation above, the periodicities of the superposed structures are related to one
another. However, the general procedure is equally valid for the superposition of arbitrary
periodicities. In addition to the placement of the individual grooves, there are several
other parameters that can be tuned to vary the properties of each resonance. These
include variation of the size of the central opening and the cross-sectional parameters of
each individual groove [22].

As a final point, we discuss the spectral properties of the individual resonances.
As we have previously discussed, each annular groove couples essentially the entire
bandwidth of the incident THz wave to surface waves, a portion of which then propagates
towards the dipole. Therefore, the resulting detected THz time-domain waveform, Etotal,

may be written as

Eroai(® = Eo() + D C,Eo(t=T, = T,). 6.1)

Here, En(t) is the component of the incident THz pulse measured by the dipole
detector, n corresponds to the groove number, cn is a scale factor that accounts for the
SPP coupling and any associated propagation loss, Tn accounts for the time delay
associated with the propagation distance, and To accounts for a time delay between the
initial waveform, Ep(t), and the delayed oscillations. It is apparent from Eq. (6.1) that the
superposition of square structures with different periodicities will introduce multiple sinc
(sin x / x) function-like resonances, and the time-delayed oscillations will modify the

resonance frequencies and their corresponding amplitudes and lineshapes.



80

6.4 Conclusion

In conclusion, we have experimentally demonstrated a coherent SPP based
narrowband THz detector by fabricating a portion of a circular grating about a
conventional dipole antenna. We observe a factor of two enhancement at the design
frequency, although numerical simulations suggest that much larger enhancement factors
can be obtained. The grating allows for collection of incident radiation outside of the
dipole region via coupling to SPPs, obviating the need for a substrate lens. By
superimposing multiple periodicities and varying the details of the grooves, it is possible
to obtain enhanced detection sensitivity at multiple frequencies. In the current work, these
antennas have only been used for coherent detection. They should work equally well as

narrowband or multiband THz emitters.
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CHAPTER 7

OPTIMIZATION OF GEOMETRICAL PARAMETERS OF INDIVIDUAL

CONICALLY TAPERED APERTURES

7.1 Introduction

The ability to concentrate optical radiation is a topic of long-standing interest that
has utility in a broad range of applications [1-4]. In the case of freely propagating
radiation, the diffraction limit constrains the minimum spot size to a dimension that is on
the order of the free space wavelength. One approach to circumvent this limitation is
through the use of Plasmonics. Surface plasmon-polaritons (SPPs) are surface
electromagnetic waves that propagate along the interface between a metal and a dielectric
and are characterized by dispersion properties that differ dramatically from those of free
space radiation. Using SPPs, there have been numerous theoretical and experimental
studies that rely on metallic structures to focus or concentrate electromagnetic radiation
to dimensions much smaller than the associated free space wavelength [5]. Common
implementations of this have relied on tapered wires [6-8], holes [9-12] and plates [13-
15].

As an example, we recently demonstrated that individual conically tapered
apertures (TAs) could be used to efficiently concentrate broadband terahertz (THz)
radiation [11]. In that work, we kept the input aperture diameter and the taper angle fixed
and found that as the diameter of the exit plane aperture was decreased, we obtained an

increase in the magnitude of the transmitted THz electric field, which varied inversely



84

with the output aperture diameter. For the smallest aperture that we fabricated, we
obtained a ~50 fold increase in the transmitted THz intensity.

However, several important issues regarding the tapered structures still need to be
resolved. For example, although it is clear enough that the decrease of the output
dimensions could result in a larger field enhancement [11,13,15], only a few papers
studied other parameters that characterize the geometrical dimensions of the tapered
structures [16,17], and the optimal parameters seem strongly dependent on the
geometrical shapes. Therefore, the aim of this work is to further examine the properties of
a conical TA and optimize its geometrical parameters. In the earlier publication [11], we
kept the input aperture diameter and the taper angle fixed, but varied the thickness of the
structure and the output diameter. However, in most practical applications, the working
distance of the equipment cannot be changed, demanding that the thickness of the
structure be fixed. Moreover, since the output diameter determines the resolution, it is
also an important parameter that we don’t want to alter randomly.

We describe the optimization of the geometrical properties of individual
apertures, while keeping the output aperture diameter and the structure thickness fixed.
As expected, we found that there was an optimal taper angle that maximizes the optical
throughput. We also confirmed that effective cutoff frequency associated with a closed

hole is determined by both the diameter of the output aperture and the taper angle.

7.2 Experimental Details

We fabricated a series of individual TAs in 3-mm-thick stainless steel disks using
wire electrical discharge machining (wire EDM). Each TA was fabricated on a separate
metal disk and consisted of a circular output aperture with a fixed diameter, D>, of 400

um and a conical taper full angle, a, of 15< 30< 45< 60< 75< or 90< Therefore, the
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diameter, D1, of the circular input aperture varied as a function of o and took on values of
1.19 mm, 2.00 mm, 2.88 mm, 3.86 mm, 5.00 mm, and 6.40 mm, respectively. For
reference purposes, we also fabricated a 400 m diameter aperture in a 75 pm thick free-
standing stainless steel foil and a TA with a taper angle o of 0< corresponding to a
straight 400-pm-diameter aperture, in the 3-mm-thick metal disk. These are shown
schematically in Fig. 7.1 (a).

To characterize these samples, we used a THz time-domain spectroscopy (THz-
TDS) setup as shown schematically in Fig. 7.1(b). Details of the experimental setup and
the advantageous properties of this approach have been discussed previously [18], and
thus are presented only briefly here. Photoconductive devices were used for both
emission and coherent detection. An off-axis paraboloidal mirror was used to collect and
collimate the THz radiation as it propagated from the emitter to the sample, resulting in a
1/e THz beam diameter of ~ 8 mm, which was larger than the cross-sectional area of the
input apertures. In all cases, the THz beam was incident on the input surface of the
samples at normal incidence. Coherent THz pulses radiated from the output face of the
apertures were collected by a hyper-hemispherical-silicon-lens-coupled photoconductive
dipole detector that was located ~ 10 mm from the output plane of the apertures. The
detected transient photocurrent was then Fourier transformed and normalized to the
reference transmission; using this procedure, we obtained an electric field transmission
spectrum that spanned the frequency range of ~ 0.05 - 0.8 THz.

We also performed numerical finite-difference time-domain (FDTD) simulations
of the SPP propagation properties, where the metal was modeled as a perfect electrical
conductor (PEC), since metal conductivities are typically high at THz frequencies, while

the surrounding dielectric medium was assumed to be air. We used a spatial grid size of
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Figure 7.1. Schematic diagram of the experimental details. (a) Schematic diagram of
the individual conically tapered apertures with different taper angles. Top: cross-
section of the reference aperture with an aperture diameter, Do = 400 um and metal
thickness, do = 75 um. Middle and bottom: cross-section and top view, respectively, of
a single tapered aperture with a variable taper full angle, a, and a fixed output aperture
diameter, D2 = 400 um. The taper angle determines the input aperture diameter, D1.
The thickness of the metal disk is d = 3 mm. (b) Schematic diagram of the THz time-
domain spectroscopy system. A collimated THz beam was normally incident on the
sample. The radiated electromagnetic wave was detected using a photoconductive
device for coherent broadband THz detection.
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50 pm, which was sufficient to ensure convergence of the numerical calculations, and
perfectly matched layer absorbing boundary conditions for all boundaries. For the input
electric field, we used a plane wave that was modeled temporally as the derivative of a
Gaussian pulse. The resulting bipolar THz pulse had the same bandwidth and
approximately the same pulse shape as was available in the experimental work. All of the
simulated results were measured at specific spatial points in the vicinity of the output

plane of the structure.

7.3 Experimental Results, Simulation and Discussion

Figure 7.2 summarizes the basic concentration properties of individual TAs as a
function of the taper full angle, a. In Fig. 7.2(a), we show the spectral field amplitude

concentration factor, fe(v), for each tapered aperture, which is defined as

)= (7.1)

where ty(v) is the measured transmission amplitude spectrum through an individual 3-
mm-thick TA of angle a, and tref(v) is the measured transmission amplitude spectrum
through an individual cylindrical reference aperture of 400-pum diameter fabricated in a
75-pm-thick stainless steel foil. There are several points to note regarding these data. For
a TA with o = 0°(i.e., a straight 400-pm-diameter aperture in a 3-mm-thick metal disk),
the transmission enhancement below ~ 0.5 THz appears to be strongly suppressed and
there is essentially no transmission through the TA below ~ 0.4 THz. This behavior is
reasonable for a circular aperture, where we would expect increasingly suppressed
transmission below the cutoff frequency, vc [= 1.841¢/(nD2)] [19], where c is the speed of
light in a vacuum). In the case of the 400-pm-diameter reference aperture, the film

thickness (75 m) is sufficiently small that frequencies below v¢ (~ 0.44 THz) exhibit
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Figure 7.2. The experimentally measured spectral transmission properties of an
individual tapered aperture structure as a function of the taper full angle, a.. (2) Spectra
of the field amplitude concentration factor, fe(v), with respect to o, as noted. (b)
Electric field concentration maximum, fg, as a function of the taper angle, a.
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only modest transmission suppression. However, in the TA structure with 0<taper angle
(i.e., the straight aperture in the 3-mm-thick disk), the waveguide cutoff phenomenon is
more evident because of the metal thickness. Moreover, above ~ 0.6 THz, the
transmission enhancement is ~ 1. Above the cutoff frequency the propagation constant is
largely real, since the high conductivity of metals allows for low loss propagation through
the aperture. Therefore there is relatively little difference between the 75-pm-thick
reference aperture and the 3 mm thick straight aperture at frequencies well above cutoff.

As the taper angle increases, the spectral concentration factor changes both in
shape and amplitude. The shape of the concentration spectrum is related to the cutoff
characteristics of the TA and is discussed in greater detail below. For the concentration
amplitude, we can define a concentration factor maximum, fe [shown in Fig. 7.2(b)], that
corresponds to the maximum value of fe(v); we plot fe(v) as a function of a in Fig. 7.2(a).
It is clearly seen that fe(v) is maximized for a taper angle o = 30°. Below 30<the small
taper angle corresponds to an input aperture diameter that is only slightly larger than the
output aperture diameter, thus limiting the maximum concentration factor. Above 30<
although the input aperture diameter becomes larger, there is increased reflectivity from
the aperture sidewalls, which reduces the measured concentration factor.

In order to confirm the experimental observations, we used analytical calculations
as well as 3D FDTD simulations. In both cases we based our calculation on geometrical
parameters that were used in the experiments. As we noted above, the effective cutoff
frequencies for the TAs appear to red shift with increasing taper angle, in apparent
contradiction with the more usual view that the cutoff frequency is associated only with
the diameter of the output aperture. This red shift can be readily explained by the fact

that the TA diameter varies along the length of the aperture. Consequently, for a straight
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400 pm diameter aperture (i.e., o = 09, the cutoff frequency is vc = 1.841c¢/(nD) = 0.44
THz along the entire length of the aperture. However, for oo = 90< the TA input aperture
diameter is 6.4 mm, corresponding to v¢ = 0.03 THz, while the output aperture diameter
is 400 pm, corresponding to ve = 0.44 THz. Therefore, the incident radiation experiences
a continuously varying diameter as it propagates through the aperture.

In order to model this geometry analytically, we analyzed the propagation
properties of the lowest order mode of a cylindrical waveguide [20] as the waveguide
diameter varied continuously, using the geometrical parameters of the TA. The resulting
spectral concentration factors are shown in Fig. 7.3 (see Suppl. Inf. for the mathematical
details of this analysis). In order to compare the calculated and experimental spectral
properties, each curve in Fig. 7.3 was scaled to match the maximum amplitude shown in
Fig. 7.2(a). From the good agreement between the analytical calculations and
experimental data, we conclude that the red shift in the effective cutoff frequency can be
attributed to the aperture variation of the TA with o.

While the analytical model describes well the shift in the spectral transmission
properties with o, it does not properly predict the concentration factor amplitude as a
function of a. In order to model this property, we used 3D FDTD simulations for each of
the TAs studied. As an example of the comparison between experiment and simulation,
we show in Fig. 7.4(a) the spectral concentration factor for a TA with o= 30< The model
calculation agrees very well with the experiment, both in terms of spectral shape and
amplitude. In Fig. 7.4(b) we show fe as a function of o obtained using these simulations,
compared with the experimental values from Fig. 7.2(b). The agreement is good for all
taper angles and demonstrates again that a = 30° is indeed the optimal TA angle. While

the data presented correspond to a specific metal thickness, we have performed additional
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Figure 7.3. Calculated fe(v) spectra of single tapered apertures for various full taper
angles, o, as given. The calculation is based on cylindrical waveguide theory as

described in the text. The result for each a was scaled to match the experimental
concentration amplitude shown in Fig. 7.2(a).
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Figure 7.4. Numerical simulations of the field properties for individual tapered
aperture structures. (a) The enhancement spectrum fe(v) for a TA with o = 30°from
simulation (red trace) and experiment (blue trace). (b) Field concentration factor
maximum, fg, of the TAs with various o obtained from simulation (red dots); the
experimental fe results from Fig. 7.2(b) are shown for comparison (blue dots).



92

numerical simulations with different taper lengths between 3 and 10 mm and found that
30<appears to be the optimal taper angle in each case. Moreover, we found that in the
simulations the increase of the length did not enhance the concentration much. From Ref.
[6], when the free space radiation is coupled into the TA, the wave evolves and the
energy transfers among different modes during propagation. Then the oscillation
becomes weaker and tends to be more and more stable. Thus the length of the TA may
also influence its concentration effect by whether the propagation evolves into the stable
state, and further investigation regarding this point would also be interesting. Finally,
according to our simulation, the optimal taper full angle also appears ~ 30< for the
tapered parallel plate waveguide with two planar plates tilted to form a smaller output slit

of 100-um plate spacing.

7.4 Supplementary Information

We studied the relation between the geometrical parameters of the tapered
apertures (TAs) and the resulting cutoff frequencies, and found that the effective cutoff
frequencies were not only dependent on the output aperture diameter but also on the taper
angle. In order to analytically examine the transmission properties of the TAs, we
modeled this geometry as a waveguide with continuously varying diameter, using the
actual parameters in the experiment. During the calculation, we merely analyzed the
propagation properties of the lowest order mode of a cylindrical waveguide, since the
lowest order mode is a constraint that determines the cutoff-frequency, as explained
below.

We started the process by solving the propagating modes in cylindrical waveguide
from Maxwell’s equations using cylindrical coordinates. The detailed solution can be

easily found in most electromagnetic books [20] and is beyond the scope of this
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dissertation. According to the cutoff frequency associated with each TE or TM mode in
the cylindrical waveguide, the lowest order mode, TE11, defines the value of the cutoff
frequency. Thus for simplicity, we watch tense on the TE1; mode hereafter.

The electrical field components of the TEn, mode in the cylindrical coordinates

can be written as [20]

E, =-Am n Jn (ﬂ,,pl—Cm sin(mg)+ D,, cos(mg)le ™" (7.2)
&p
E, = Am&Jm'(ﬂprCm cos(mg)+ D, sin(me)le ™ (7.3)
&
E, =0, (7.4)

where Jm(x) is the Bessel function, Amn, Cm, and Dm are the coefficients. Besides,

B =Zm , in which ymn is the nth zero of Jm(x) and r is the radius of the waveguide.
S

In addition, kz is the wave vector along z axis, k2 +k? =k? and k = 2rv/co, and thus

In our experiment, the incident beam is linearly polarized, Ex and Ey should be
equivalent. Assume the polarization is along X, the corresponding electrical field can be
expressed as [21]:

E, =E, cos(p)-E,sin(p). (7.6)
When m =1, n = 1 (for TE11 mode which determines the cutoff frequency),

1 Jl(ﬁpp)

E.=-Au [ C. sin(p)cos(p) + D, cos(¢)cos(p)le* (7.7)

&

o)
A, % Jll(ﬂpplcl COS(¢)Sin(§D)+ D, Sin((/’)sm((/’)]eiwzz

For far field measurement, the detected signal includes the electrical field

integrated over the whole plane [22], so
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(7.8)

Here, H is the struve function.

Since in Eq. (7.8) for the TE11 mode, s r = 4, =1.8412 is a constant, the electrical

field could be evaluated based on the phase terme":* ,

2
2
X1 7[ 2”"] 7
) +ztan(g) Co

2

d d \/
t=Afe " dz=Ae dz. (7.9)
0 0

To obtain the transmission coefficient of the TA structure, the aperture with
continuously varying radius could be divided into thin cylindrical apertures with constant
radius and infinitesimal thickness, and analyzed discretely, supposing that the wave could

evolve into the stable state within that small distance.

7.5 Conclusion

In summary, we have experimentally studied individual aperture parameters,
specifically the determination of the optimal taper angle. Interestingly, the effective
cutoff frequency red shifted with increasing taper angle, which was a consequence of the
rate of change in a continuously varying aperture diameter. Further numerical
characterization of the tapered aperture structure also confirmed our findings. This
investigation provided us with further understanding of the tapered apertures and “best

parameters” for the next step of the research.
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CHAPTER 8

CONCENTRATION OF BROADBAND TERAHERTZ RADIATION USING
A PERIODIC ARRAY OF CONICALLY

TAPERED APERTURES

8.1 Introduction

Tapered structures have long been applied in a variety of fields to concentrate and
focus electromagnetic radiation. While individual tapered structures are useful for
applications such as raster scanned near-field imaging [1,2], the sequential acquisition of
single pixel data greatly reduces the overall collection efficiency of the system, thereby
increasing the total acquisition time. In such cases, the use of multiple identical structures
may allow for parallel acquisition. Furthermore, if the radiation from arrays of tapered
structures can be focused, it may allow for enhanced nonlinear optical conversion
efficiency. In recent years, there have only been a few reports associated with ‘plasmonic
lattices’ in which the individual elements are tapered [3,4]. In both cases, since thin metal
films with small taper angles were used, the individual transmission resonances were
enhanced and the narrowband nature of the enhancement remained unchanged.

We demonstrated that periodic arrays of conically tapered cylindrical apertures
concentrate broadband THz radiation for frequencies above an effective cutoff frequency.
We fabricated a hexagonal array containing 19 apertures with the optimal taper angle
demonstrated earlier in [5] and showed that the transmitted radiation was also broadband.

In contrast to prior work [3,4,6], the large metal thickness allowed for large differences
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between the input and output aperture diameters, while maintaining taper angles that
could be relatively small. As we showed, a consequence of this design is that the
transmission of each aperture was effectively independent of all of the other apertures.
Further concentration of the transmitted radiation could be obtained by tilting the tapered
apertures (TAs) toward the array center, thereby decreasing the effective output cross-

sectional area, or by cascading the TA structures.

8.2 Experimental Details

We fabricated an individual TA in a 3-mm-thick stainless steel disk as a
reference, using wire electrical discharge machining (wire EDM). It consisted of a
circular output aperture with a diameter, D2, of 400 um and a conical taper full angle, a,
of 30< which was identified as the optimal taper angle in our earlier studies [5].
Therefore, the diameter, D1, of the circular input aperture is 2.0 mm, as shown
schematically in the lower left portion of Fig. 8.1(a). We also fabricated a periodic array
of 19 TAs that were placed in a hexagonal lattice, as shown in the lower right portion of
Fig. 8.1(a). Each TA in this array was identical and the same as the reference TA, having
a 400-pm-diameter (D>) output aperture and a 30 full angle (o) taper, corresponding to a
2.0-mm-diameter (D1) input aperture, with the aperture axis normal to the disk surface.
The center-to-center spacing between the TAs was also 2.0 mm. Photographs of the array
input and output faces are shown in Fig. 8.1(b). For reference purposes, we also
fabricated a 400-pm-diameter aperture in a 75-pm-thick free-standing stainless steel foil.
It is shown schematically in the top portion of Fig. 8.1 (a).

To characterize these samples, we used a THz time-domain spectroscopy (THz-
TDS) setup as shown schematically in Fig. 8.1(c). Details of the experimental setup and

the advantageous properties of this approach have been discussed previously [5,7], and
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Figure 8.1. Details of the experimental design. (a) Schematic diagram of the different
aperture structures studied. Top: cross-section of the reference aperture with an
aperture diameter, Do = 400 pm and metal thickness, do = 75 pm. Middle left and
bottom left: cross-section and top view, respectively, of a single tapered aperture with
a taper full angle, a = 30°, and an output aperture diameter, D> = 400 um. The taper
angle determines the input aperture diameter, D1 = 2.0 mm. The thickness of the metal
disk is d = 3 mm. Middle right and bottom right: cross-section and top view,
respectively, of the hexagonal lattice of tapered aperture arrays with nineteen
apertures, fabricated normal to the disk surface, with tapered apertures identical to the
single tapered aperture and spaced from center to center by 2.0 mm. Once again, the
thickness of the metal disk is d = 3 mm. (b) Photographs of the stainless steel tapered
aperture array structure from Fig. 8.1(a) with 19 apertures, each with a = 30°. (¢)
Schematic diagram of the THz time-domain spectroscopy system. A collimated THz
beam was normally incident on the sample. The radiated electromagnetic wave was
detected using a photoconductive device for coherent broadband THz detection.
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thus are presented only briefly here. Photoconductive devices were used for both
emission and coherent detection. An off-axis paraboloidal mirror was used to collect and
collimate the THz radiation as it propagated from the emitter to the sample. To
accommodate the larger cross-sectional areas of the TA arrays, two changes were made
in the setup. We used a larger paraboloidal mirror to form a 1/e THz beam diameter of ~
12 mm, which was larger than the cross-sectional area of the input apertures. Since the
cross-sectional area of the output surface of this structure is also significantly larger than
the single TA, we now inserted a 50-mm-focal-length TPX lens between the sample and
detector for all of the samples, close to the output surface of the samples to ensure the
efficient collection of the radiation from all the apertures in the TA array. Coherent THz
pulses radiated from the output face of the apertures were focused onto a hyper-
hemispherical-silicon-lens-coupled photoconductive dipole detector that was located ~ 50
mm from the output plane of the apertures. The detected transient photocurrent was then
Fourier transformed and normalized to the reference transmission; using this procedure,
we obtained an electric field transmission spectrum that spanned the frequency range of ~
0.05-0.8 THz.

We also performed numerical finite-difference time-domain (FDTD) simulations
of the SPP propagation properties, where the metal was modeled as a perfect electrical
conductor (PEC), since metal conductivities are typically high at THz frequencies, while
the surrounding dielectric medium was assumed to be air. We used a spatial grid size of
50 pm, which was sufficient to ensure convergence of the numerical calculations, and
perfectly matched layer absorbing boundary conditions for all boundaries. For the input
electric field, we used a plane wave that was modeled temporally as the derivative of a

Gaussian pulse. The resulting bipolar THz pulse had the same bandwidth and
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approximately the same pulse shape as was available in the experimental work. All of the
simulated results were measured at specific spatial points in the vicinity of the output

plane of the structure or averaged across area of the output aperture(s).

8.3 Experimental Results, Simulation and Discussion

As demonstrated in last chapter and also Ref. [5], for an individual TA having a =
30<and an output aperture diameter of 400 pm in a 3-mm-thick metal slab, we find that
the electric field concentration factor is ~ 4. Again the spectral field amplitude

concentration factor, fe(v), is defined as

)= ‘(VV’) , (8.1)

where ty(v) is the measured transmission amplitude spectrum through a 3-mm-thick
sample with a TA or TAs of angle a, and tref(v) is the measured transmission amplitude
spectrum through an individual cylindrical reference aperture of 400-pm diameter
fabricated in a 75-pm-thick stainless steel foil. Since an input aperture of an individual
TA is typically much smaller than the incident THz beam, the overall optical throughput
is limited. In such cases, it may be advantageous to use multiple apertures simultaneously
and thereby more fully utilize the incident THz beam. With this in mind, we fabricated a
periodic array of TAs placed in a close-packed hexagonal geometry, where the aperture
axes are all normal to the metallic disk surface [Fig. 8.1(b)]. In measuring the field
amplitude concentration factor fe(v) for the TA array and single TA, both sets of data
were normalized using the spectrum of the same single reference aperture.

In Fig. 8.2, we show the spectral concentration factor for a single TA and TA
array containing 19 TAs in a hexagonal pattern. In both cases, the apertures had a taper

angle of o = 30°. Similar to the single TA that exhibits a relatively flat spectrum well
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Figure 8.2. The spectral amplitude concentration factors, fe(v) measured for the
tapered aperture array and a single TA having o = 30 °full angle. Both spectra were
normalized by the transmitted field of the same reference obtained from a single
cylindrical aperture.

above a cutoff frequency, the spectrum associated with the TA array also appears to be
rather broad. However there is a decrease in the enhancement factor at high frequencies.
Furthermore the concentration enhancement for the TA array at ~ 0.5 THz is only ~ 10
times larger than that observed for a single TA, rather than the factor of 19 expected from
the number of apertures in the array. Both of these observations can be readily explained
by the fact that the incident THz beam has a frequency-dependent Gaussian spatial
profile. We noted that the 1/e THz beam diameter used here was ~ 12 mm, but this only
corresponds to the beam diameter at ~ 0.3 THz. For higher frequencies, the beam
diameter is correspondingly smaller. Thus, the factor of 19 enhancement could only be
achieved if the incident beam was uniform over the array area. The fact that the beam
becomes increasingly smaller with increasing THz frequency may also explain why the
enhancement is not flat above ~ 0.5 THz. We therefore conclude that, while a larger

concentration enhancement can be achieved using a larger TA array, it is also necessary
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that the incident beam be larger than the input cross-sectional area of the array at all
relevant THz frequencies.

Given that the apertures in the array are placed in a periodic geometry, it is
reasonable to determine whether or not any transmission resonances should be present
based on the excitation of surface plasmon-polaritons (SPPs). These resonances arise
from constructive interference between SPPs scattered from discontinuities (apertures, in
this case) that are present on both the input and output faces of the structure. In a
conventional hexagonal array of subwavelength apertures, we expect well-defined
transmission resonances at wavelengths given by [6]

P (8.2)

Ares = —lnspp’
[;‘(i2+ij+ jZ)T
where P is the periodic spacing between apertures, i and j are integers, and nspp is the
effective refractive index for a propagating SPP (for a metal-air interface, nspp~ 1 at THz

frequencies). Thus the lowest order resonance (i=+1, j=0) is expected to occur at
A ~~3P/2, which for P = 2 mm corresponds to 0.17 THz. This frequency, however lies

in the low transmission regime of the TA array and, therefore, has minimal impact on the
resulting spectrum. The next two higher order resonances are expected to occur at v= 0.3
THz (i=+1, j=+1) and v = 0.34 THz (i=+2, j=0 or i=0, j=+2). However, these resonances
are also suppressed and are not clearly present in the data. This suppression arises
primarily from the fact that the output aperture diameter (400 pm) is significantly smaller
than the periodic spacing (2 mm), resulting in weak resonances below the cutoff
frequency, vc [= 1.841¢/(nD2)] = ~ 0.44 THz [8], where c is the speed of light in vacuum,
associated with the output aperture [9].

Based on the available enhancement with a TA array, it is reasonable to consider
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modifications to the geometry that would allow for tighter focusing. Specifically, for the
TA array discussed above, the input cross-sectional area and the output cross-sectional
area are approximately the same. Thus, there is minimal spatial focusing caused by such
structures. We now consider the effect of tilting the axes of the outer TAs in the array
towards the array center, thereby reducing the output span of the apertures, which allows
for radiation concentration to a smaller area on the output plane. By maintaining the
hexagonal geometry and tilting the axes of the outer TAs (inclination angle, 6 with regard
to the normal axis), we maintain a six-fold rotationally symmetric pattern on the output
surface of the array. In this case, the input surface has a periodic spacing p1 = 2 mm,
while the output surface has a periodic spacing p2, which is determined by the tilt angle 6.
This is shown schematically in Fig. 8.3(a). Figure 8.3(b) displays a snapshot of the
electric field pattern near the exit plane of a TA array structure with p2 = 1.0 mm. It can
be seen that the field strength of the six outer TAs is weaker than that of the central TA.
Since these are time-domain simulations, it is also worth noting that the transit time
through the tilted apertures is slightly longer than the apertures that are not tilted.
Therefore, the field maxima are not present in the output plane at the same time for the
central aperture and the outer apertures. Nevertheless, as we show below, tilting the
apertures reduces the optical throughput.

Clearly, there is a need to consider the optimal tilt angle and what effect an
aperture tilt has on the polarization properties of an individual TA. In Fig. 8.3(c), we
show the concentration enhancement, fe, for a tapered aperture with input diameter, D1=
2 mm, and output diameter, D, = 400 um, which is tilted by an angle 6 along the x-axis
for incident THz radiation that is polarized along the x- and y-axes. Here we present an

angle range from 0<°to 33.7< For an aperture with no tilt, the transmission properties are
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Figure 8.3. Numerical simulations of structures designed for tighter field focusing. (a)
Schematic diagram of the hexagonal tapered aperture array with seven apertures,
where the axes of the outer apertures were tilted with an inclination angle, 6. The
reduced spacing of the output apertures, pz, is shown in the top view on top left, cross-
section on the bottom and isometric view on top right. For all the apertures, the input
diameter, D1’, is 2 mm and the output diameter, D2, is 400 um. (b) A snapshot of the
planar electric field distribution near the output surface. (¢) Maximum value of fe
calculated for an individual TA with tilted axes of different inclination angles, 6, for
the two orthogonal THz field polarizations. (d) Spectra of field concentration density,
o(v), of TA arrays for various 0 as given. The inset shows the maximum o value
extracted from o(v) at various values of 0.



106

independent of the polarization and the two orthogonal polarizations exhibit identical
characteristics, as expected. As the incline angle increases, fe becomes increasingly
smaller. Interestingly, y-polarized radiation exhibits higher throughput for low tilt angles
and there is a crossover between 20°and 25< This behavior is reversed for TAs tilted
along the y-axis, as expected by symmetry. We expect that this crossover is related to the
reflection properties associated with the two polarizations.

We now consider the concentration properties of a TA array that consists of 7
TAs placed in a hexagonal geometry with variable tilt angles. The issue now is not
simply calculating the concentration enhancement, fe, of the array, but rather whether that
enhanced transmission can be focused to a smaller output area. Therefore, we define a

spectral field concentration density, given by

o) = fEk W, 8.3)

where { is the longest distance in the array between centers of the output apertures. For a
hexagonal lattice that contains only 7 TAs, £ = 2p>. In Fig. 8.3(d), we show the spectra of
the field concentration density, as a function of the tilt angle, 0. If we consider the
maximum value of o(v), which we define as o, it increases with increasing tilt angle, as
shown in the inset of Fig. 8.3(d), despite the fact that the propagation throughput
becomes progressively reduced.

The notion that an array based on tilted TAs can be used to concentrate and focus
radiation suggests that cascaded structures may be useful in increasing the optical
throughput further. In Fig. 8.4, we sketch one possible example of such a combination.
More generally, through appropriate design, the TA array in the top layer could be used
to focus the field into the input aperture in the lower layer. Such an approach may

circumvent practical limitations and allow for greater flexibility in the design of
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Structure 1 Structure 2

(b)

Figure 8.4. Schematic diagram for a proposed cascaded taper structure. (a) Cross-
section of the structure. The diameter of the input aperture (2.4 mm) on the bottom
layer is equal to the longest distance between the edges of the output apertures on the
top layer. (b) Analysis of the structure into two sections: Structure 1 consists of seven
tapered apertures forming a hexagonal array with input aperture diameters of 2 mm,
output aperture diameters of 400 pm and axis inclination angle of 18.4°; Structure 2
consists of a single tapered aperture with input aperture diameter of 2.4 mm, output
aperture diameter of 400 um and taper full angle of 36.9<
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structures for the concentration of radiation.

8.4 Conclusion

In summary, we have demonstrated experimentally that periodic arrays of tapered
apertures are able to concentrate broadband THz radiation. With the optimal taper angle
we studied earlier, we constructed a hexagonal lattice of nineteen TAs that led to a factor
of ~ 10 increase in the broadband THz throughput for frequencies above the effective
cutoff frequency. Further concentration of the transmitted radiation with higher field
density was shown to be possible by tilting the apertures in an array toward the array
center. Such a demonstration suggests that cascaded TA structures may allow for an even

greater level of field concentration than any single layer structure is capable of providing.
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CHAPTER 9

TRANSMISSION BLEACHING AND COUPLING CROSSOVER

IN A SPLIT TAPERED APERTURE

9.1 Introduction

Conically tapered metallic apertures have been widely used in the area of near-
field optical microscopy to enhance the lateral imaging resolution beyond the diffraction
limit [1]. Tapered metal-clad waveguides have also been used to improve the coupling
between devices with different allowed modes [2-4]. In these implementations, the output
dimension and mode overlap are usually the parameters of primary concern. However,
such tapered structures also allow for concentration of the incident radiation [5-7]. With
this latter application in mind, a number of different approaches have been implemented
using tapered wires [6-10], holes [11-13] and plates [5,14-16].

Although localization of radiation in two-dimensions has been demonstrated in
tapered wires [8-10] and tapered plate waveguides [15,16], tapered apertures (TAS) can,
in principle, more tightly confine such radiation based on the geometry of the output
surface. Given the rather simple nature of the aperture on the output surface of a TA, the
addition of other geometrical features within the structure may yield valuable new
capabilities. Examples include the introduction of splits, slots, and corrugated features
[17-19]. In the case where the TA has been split [17], the resulting structure has been
used to apply a strongly localized in-plane electrical field while maintaining a relatively

small spot size, whereas in the latter two cases [18,19], the modifications on the
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metalized surface were used to detect the magnetic field with high spatial resolution.
While such additional features offer the likelihood of new functionalities, a simple
TA suffers from the fact that the closed circular nature of the opening imposes a cutoff
frequency associated with the aperture diameter. More generally, any aperture fabricated
using a single continuous conductor (i.e., no electrical discontinuities) cannot support the
propagation of a transverse electromagnetic (TEM) mode [20]. However, when two
conductors are electrically separated, as is the case with a parallel plate waveguide or two
needles, broadband TEM mode propagation can be supported [21-23]. Thus, the inclusion
of a split into a TA may be able to combine the advantages associated with cylindrical
TAs and parallel plate waveguides, allowing for high field concentration (and, thus, high
field transmission) and broadband operation. We note that in previous work with similar
structures [17-19], the spectral transmission properties were not explored. Thus, in order
to fully utilize such structures, it is essential to explore their properties in greater detail.
We experimentally and numerically characterized the transmission properties of a
conical TA in a 3-mm-thick metallic plate split in two halves with a variable distance gap
between them. We used THz time-domain spectroscopy (THz-TDS) to characterize the
spectral response of the transmitted radiation and find that the introduction of a gap
reduces the cutoff effect that exists for a TA with no gap. Nevertheless, for small gap
spacings (~ 10 pm), we found that the cutoff effect was still clearly present. As the
separation between the two halves increases to ~ 30 - 40 pm, the bandwidth of the
transmitted radiation broadened dramatically due to transmission of the field components
below the cutoff of the TA. The transmitted pulse spectrum could be described as a
superposition of the TA spectrum and the parallel plate waveguide (PPWG) spectrum.

The gap, however, also introduced a channel for the radiation to escape from the aperture,
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limiting the degree of the field confinement. We proposed a conical shell structure made
of two isolated halves to minimize the radiation leakage and found that a high level of
field confinement was possible. We confirmed these conclusions using numerical

simulations to model the transmitted THz electric field properties.

9.2 Experimental Details

We fabricated two separate devices for this work. The first device was a conical
TA fabricated in a 3-mm-thick stainless steel plate, which was used as a reference. It
consisted of a circular input aperture with a diameter, D1, of 2.0 mm, a circular output

aperture with a diameter, D2, of 400 um, and a taper full angle, a, of 30< which we

have previously found to be the optimal taper angle [13]. The second structure was nearly
identical to the first. However, in this case, the stainless steel plate was initially cut into
two pieces, polished, and clamped together, so that a TA identical to the reference and
centered on the gap between the two pieces could be fabricated. Both samples are shown
schematically and graphically in Figs. 9.1(a) and 9.1(b). Finally, we used two polished 3-
mm-thick stainless steel plates to create a PPWG with variable spacing (not shown).

The structures were characterized experimentally using a conventional THz-TDS
setup, as shown schematically in Fig. 9.1(c). Details of the experimental setup and the
advantageous properties of this approach have been discussed previously [24].
Photoconductive devices were used for both emission and coherent detection. An off-axis
paraboloidal mirror was used to collect and collimate the THz radiation as it propagated
from the emitter to the sample, resulting in a 1/e beam diameter of ~ 5 mm that was
normally incident onto the input surfaces of the structures. In all cases, the incident and
transmitted THz radiation was polarized perpendicular to the gap. It is worth noting that

the beam size was larger than the cross-sectional area of the input aperture but smaller
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Figure 9.1. Details of the experimental design. (a) Schematic diagram of the different
aperture structures studied. Left: cross-section (top), top view (middle) and
perspective view (bottom) of the reference TA with an input aperture diameter, D1 =
2.0 mm, an output aperture diameter, D> = 400 um, and metal thickness, d = 3.0 mm.
Right: cross-section (top), top view (middle) and perspective view (bottom) of the
split TA with the same dimensions as the reference TA but split into two halves. The
two halves of the aperture are separated by a variable gap spacing, g. (b) Photographs
of the reference TA and the split TA (with g =~ 0). (c) Schematic diagram of the THz
time-domain spectroscopy system. A collimated THz beam was normally incident on
the sample. The radiated electromagnetic wave was detected using a photoconductive
device for coherent broadband THz detection.
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than the opening of the holder. For the split TA, one half of the structure was attached to
a holder while the other half was attached to a precision translation stage, creating a
variable gap spacing, g, as labeled in Fig. 9.1(a). When the two halves were brought
together, such that g = 0, the resulting TA was nearly identical to the reference TA. For
reference purposes, we also measured the field transmission through the PPWG, with the
same gap spacing, g, used for the split TA, under the same experimental conditions.
Coherent THz radiation transmitted from the output opening of the structures was
focused onto a 9-mm-diameter hyper-hemispherical-silicon-lens-coupled
photoconductive dipole detector that was located ~ 10 mm from the output face of the
apertures. The detected transient photocurrent was then Fourier transformed, yielding a
transmitted electric field spectrum in the range of ~ 0.05 - 0.8 THz. We did not normalize
the observed transmission spectra using a reference aperture in a thin metal plate, as we
have done in prior work [13], since the aperture geometry changes with the gap spacing
and the small spatial differences between such apertures are difficult to fabricate
accurately. Nevertheless, the notion of a relative electric field concentration factor can
still be discussed.

We also performed numerical finite-difference time-domain (FDTD) simulations
of the propagation properties. In the simulations, the metal was modeled as a perfect
electrical conductor (PEC), since metal conductivities are typically high at THz
frequencies, while the surrounding dielectric medium was assumed to be air. We set the
spatial grid size to be 10 pum, which was necessary to ensure convergence of the
numerical calculations, and modeled all boundaries with Liao-absorbing boundary
conditions. For the input electric field, we used a plane wave with the time-domain

waveform described by the first derivative of a Gaussian pulse. The resulting bipolar
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waveform had the same bandwidth and approximately the same pulse shape as was
available in the experimental work. All of the simulated results were recorded at specific
spatial points in the vicinity of the output plane of the structure or integrated across the

area of the output aperture.

9.3 Experimental Results, Simulation and Discussion

Figure 9.2 summarizes the essential characteristics of the split TAs when varying
the gap spacing, g. In Fig. 9.2(a), we show the transmitted spectral amplitude of the split
TAs with several different gap spacings, g, as well as the spectra for the incident pulse
(no sample), reference TA, and PPWG with a 10-um gap. There are a few points to be
made regarding these data. Consistent with our earlier measurements [13], the reference
TA exhibits strong transmission suppression below ~ 0.3 THz, with an effective cutoff
frequency that appears to be red-shifted compared to that of a 400-um-diameter straight
cylindrical aperture [vc = 1.841c/(nD2) = 0.44 THz, where c is the speed of light in
vacuum] [25]. When g = 0 pm, the maximum transmission occurs at ~ 0.4 THz. Though
not discussed here, this corresponds to a field concentration factor of ~ 4, well above the
cutoff frequency, which is consistent with our earlier findings [13]. As the gap spacing
increases, the peak transmission at ~ 0.4 THz steadily decreases (i.e., we observe
transmission bleaching), even though the effective aperture area increases. This is
discussed in greater detail below. Although we would expect to obtain identical spectra
for the reference TA and the split TA with g =0 um gap, there is a small difference in the
spectral properties, as shown in Fig. 9.2(a). We attribute this small difference to a minor
misalignment in our experimental setup that lies within the precision with which we can
align these two halves. As expected, the spectrum associated with the PPWG looks nearly

identical to that of the incident waveform, demonstrating that it supports broadband THz
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Figure 9.2. Experimentally measured spectral transmission properties of the split TA
structures. (a) Amplitude spectra, t(v), of the split TAs as a function of the gap
spacing, g, as well as for the incident pulse (measured without a sample), reference
TA, and a parallel plate waveguide with a gap of 10 pm. (b) Analytically calculated
spectra using the spectral amplitude of the reference TA and parallel plates in Fig.
9.2(a). (c) Coupling coefficients used to model the spectra in Fig. 9.2(b). (d) Energy
averaged over the input opening area, calculated from Fig. 9.2(a). The lines in Fig.
9.2(c) and Fig. 9.2(d) are only guides to the eye.
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propagation. In addition, the transmission peak associated with the PPWG at ~ 0.17 THz
has a larger magnitude than the split TA with g = 10 pm at the same frequency. We
attribute this to the fact that a large fraction of the PPWG cross-sectional area is covered
by the input aperture in the split TA, minimizing the TEM mode contribution when g =
10 pm.

From a theoretical standpoint, any separation between two conductors should
allow for the propagation of TEM waves [21]. However, the coupling efficiency of the
TEM mode is not necessarily constant as the separation between the conductors is varied.
When the gap is very small, i.e., g =10 pm or g = 20 um, frequencies below 0.3 THz are
only slightly enhanced. As g is increased further (g > 30 um), the transmission becomes
increasingly broadband with a corresponding reduction in the magnitude of the peak
transmission amplitude. In all cases, the high frequency roll-off arises from the frequency
response associated with the photoconductive emitter-detector pair in the THz-TDS
system.

In order to understand the experimental observations, we analytically reproduced
the spectral amplitude t(v) of the split TA for each value of g using only the spectra of the
reference TA, t1(v), and the PPWG, t2(v), both from Fig. 9.2(a), using the relation:

t(v)=Ct,(v)+Cut,(v). 9.0)
Here, C1 and C; are the coupling coefficients of ti(v) and t2(v), respectively. Using this
equation, we display the resulting spectra in Fig. 9.2(b) and the corresponding
coefficients in Fig. 9.2(c). The spectra in Fig. 9.2(b) agree well with those in Fig. 9.2(a)
and the coefficients as a function of gap spacing vary almost linearly. Thus, we can

regard the split TA as a superposition of a complete TA and a PPWG. Importantly, there

IS a crossover in the magnitude of the coupling coefficients that appears to occur at g =~
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18 pm, though the reason why it occurs for this gap spacing is unclear.

Since we are unable to directly obtain the field concentration values for each
value of g, an alternate method for gaining insight into the problem is to consider the
normalized (to area) spectral transmission. We can define a normalized spectral energy,
En, as the total spectral energy divided by the cross-sectional area. Ignoring any constants

of proportionality,

E, :'ﬂt(v}zdv ’ (92)

where t(v) is the measured spectral amplitude and A is the illuminated input aperture

area, given by A:,Z(DlTwm (d =5 mm is the 1/e beam diameter). The calculated data
2

are shown in Fig. 9.2(d). The fact that En increases with increasing values of g indicates
that the overall coupling of free-space radiation to the structure is enhanced as the gap
becomes larger. Thus, the reduction in the peak transmission amplitude is not due to
reduced coupling of radiation into the structure. The reduction is more likely associated
with coupling of the pulse energy from the aperture into the gap between the plates as the
pulse travels inside the cone of the TA. An analogous process occurs in a PPWG where
radiation can leak from the finite edges of the structure into free space and also back to
the aperture area [26].

To further explore the properties of this structure and validate the experimental
findings, we performed numerical 3D FDTD simulations. In Fig. 9.3(a), we show the
simulated transmission of the reference TA, the PPWG with 10-um gap and the split TAs
with gap spacings of 10 um, 30 pm, 60 pm and 100 pm. Although there are some
differences in the spectral amplitudes between experiment and simulation, it is clear that

the spectra shown here are in good qualitative agreement with the spectra obtained
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Figure 9.3. Numerical simulations of the field properties for split TAs and relevant
stretched TAs. (a) Amplitude spectra t(v) for split TAs with g =0, 10, 30, 60 and 100
um and the parallel plates with g = 10 um. (b) Analytically calculated spectra using
the spectral amplitude of the reference TA and parallel plates in Fig. 9.3(a). (c)
Corresponding coefficients used in Fig. 9.3(b). The lines are only guides to the eye.
(d) Transmitted field amplitude, t(v), of the stretched TAs with various elongation, s.
Inset: top view of the stretched TA with marked dimensions. (e) and (f) Snapshots of
the magnitude of the transverse electric field perpendicular to the gap in the vicinity of
the output aperture of a reference TA and a split TA with g = 60 pm. The white region
is metal modeled as perfect electrical conductor.
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experimentally. The differences may result from how the detection takes place in the
experiment and in the simulations: the detected signal was measured at only one point in
the numerical simulations, while the silicon lens attached to the dipole detector in the
experimental setup integrated the transmitted radiation over a larger solid angle.

In order to demonstrate that these data also correspond to the superposition of two
modes (those associated with the TA and the PPWG), we once again reconstructed all of
the other waveforms (g # 0) in Fig. 9.3(a) using Eq. (9.1). The resulting waveforms are
shown in Fig. 9.3(b) and match the simulation results in Fig. 9.3(a) quite well. The
resulting coupling coefficients, shown in Fig. 9.3(c), differ numerically from the values
found experimentally, but show the same trend with g and also show a coupling cross-
over at a similar value of g.

Since the gap spacing not only increases the input aperture area, but also changes
the shape of the circular aperture, we also investigated whether or not any induced
ellipticity in the aperture shape accounts for the decreased transmission in the vicinity of
the peak concentration frequency (~ 0.4 THz). In the numerical simulations, a stretched
TA was obtained by moving the two halves of the circular aperture apart by a distance s
and filling the gap in the sidewalls with a metal assumed to be a perfect electrical
conductor, leaving the taper angle unchanged. A top view of the structure is sketched in
the inset of Fig. 9.3(d), while the main figure [Fig. 9.3(d)] shows the spectral
transmission properties of the stretched TAs for s = 0, 10, 30, 60 and 100 pm. It is
apparent that the introduction of a minor ellipticity in the aperture has minimal effect on
the transmission spectra.

Moreover, we observed the field distribution in both the reference TA and split

TAs through the FDTD simulation. In Figs. 9.3(e) and 9.3(f), we exhibit the snapshots of
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the electric field distribution on the output surface of a reference TA and a split TA. It is
obvious that the radiation is well confined in the aperture area of the reference TA in Fig
9.3(e). Also, Figure 9.3(f) confirms our conjecture that a large portion of the radiation
propagating in the conical aperture is coupled into the gap and therefore the concentration
effect in the tapered aperture is undermined.

Using our findings to this point, we now consider if any split TA geometry can be
used to combine the beneficial properties of a TA and a PPWG. In the split TA
embodiments used up to this point, we fabricated the structure in a larger metal block.
This allowed for much of the radiation to be coupled to a TEM mode and to be
distributed over a relatively large cross-sectional area. We now consider a split TA, in
which the wall thickness of the aperture is small (less than the aperture diameter), as
shown in Fig. 9.4(a). Since fabrication of such a structure, which we refer to as a split
shell TA, is technically challenging, we performed only numerical simulations. In Fig.
9.4(b), we display a snapshot of the electric field pattern on the output surface of the split
shell TA with a 60-um gap. Although the structure will be prone to the same coupling
cross-over process as in the earlier implementations, the electric field is more localized in
the shell geometry. As a consequence, the resulting output transmission spectra, shown in
Fig. 9.4(c), exhibits significantly higher magnitude than the simple split TA. More
importantly, it exhibits the peak transmission amplitude that is close to that of the
reference TA, though with a much broader bandwidth. In order to further confirm the
functionality of the split shell TA and allow for quantitative comparisons with
experimental results, we integrate the electric field magnitude on the planes just inside
the input aperture and those just outside the output aperture for each grid element within

the mesh, and divide them by the relevant cross-sectional area of the input or output
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Figure 9.4. Numerical simulations of the split shell TA. (a) Schematic diagram of a
split shell TA, in which the wall thickness of the aperture is small. (b) Snapshot of the
magnitude of the transverse electric field perpendicular to the gap in the vicinity of the
output aperture of a split shell TA. The white region is metal modeled as perfect
electrical conductor. (c) Transmission spectra for the split shell TA, as well as the
spectra associated with the simple split TA and the reference TA (from Fig. 9.3). (d)
Electric field throughput concentration factor (Fe) obtained by integrating the field on
the input and output planes of the TA and normalized by the opening area of the
corresponding input and output surfaces.
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aperture. This ratio, referred to as Fe(v), is similar to the concentration factor we defined
in earlier work with similar structures [11,13] and is effectively an electric field
throughput concentration factor. As seen in Fig. 9.4(d), Fe(v) demonstrates that this shell
TA allows for concentration of the incoming THz electric field over a broad range of

frequencies.

9.4 Supplementary Information: Comparison between Tapered Apertures

and a Conventional Lens

In order to clarify the practical significance of such a split shell TA in Fig. 9.4(a),
we also numerically calculated the intensity density of our structure on the output plane,
and compared it with the theoretically calculated intensity density on the focus through a
conventional focusing lens, taking the 1/e beam diameter of the terahertz beam in our
system which is ~ 5 mm.

For the split shell TA, the time-domain signal was detected at each meshing grid
of the output opening in the output plane. Then the signal waveforms were Fourier
transformed and squared at each frequency point to get the required intensity. Finally, all
the output intensity data were also summed at each frequency point, and divided by the
corresponding area of the output aperture to define the intensity density. Therefore, the
output intensity density of the split shell TA, Ta(v), is defined as the total output spectral

intensity divided by the cross-sectional area of the output opening,

YA , (9.3)

lalv)= 2xg xlw+ z(D, /2)2}

a.2
where ti(v) is the measured spectral amplitude at the ith grid, g = 60 pm is the gap
spacing between the two halves of the TA, w = 100 pm is the wall thickness [see Fig.

9.4(a), and a is the side length of each mesh grid, so the denominator indicates the
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relative area of the output opening.

In the case of the conventional lens, a TPX lens was employed with the minimum
available focal length, fo = 25 mm, and a large enough span to effectively focus the beam.
In Fig. 9.5(a), the input beam waist was labeled as wo1 = (5/2) = 2.5 mm, which is half of
the 1/e beam diameter, and the focused beam waist was wo.. Supposing that the input
intensity is homogeneously distributed on the input area and the beam follows the

focusing theory of a Gaussian beam,

_22 5 (9.4)

WOZ -
T 2Wy

so we can define the intensity density at the focus of a conventional lens as

2
Wy,

lay(v) = a2 X[tz(‘/)] :W°147[2:2[£°(V)]2. (9.5)
W, c-f,
a2

Here, to(v) is the input wave spectral amplitude at a single grid, the free space wavelength
IS A = c/v (c is the speed of light in vacuum), and again a is side length of each mesh grid.
The calculated intensity densities are shown in Fig. 9.5(b) and the plot associated with the
lens is scaled by a factor of 10. Although the input opening of our structure was smaller
than the input beam, the intensity density through the TA was still around 10 times larger

than that focused by a conventional lens.

9.5 Conclusion

In summary, we experimentally characterized the spectral properties of a split
tapered aperture that incorporated a variable spacing gap between the two halves of the
metallic screen in order to eliminate the aperture cutoff effect and enable broadband

confinement of THz pulses. However, we found that the peak spectral transmission was
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Figure 9.5. Comparison of the concentration capabilities between the split shell TA
and a conventional focusing lens. (a) Schematic diagram of Gaussian beam focused by
a lens when the input beam waist is wo1 and focal-plane beam waist is wo2. (b)
Intensity densities calculated for a split shell TA with wall thickness of 100 pm and
gap spacing of 60 m, and a focusing lens with a focal length of 25 mm.
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greatest when there was no gap and that the peak decreased steadily as the gap spacing
was increased. Correspondingly, there was a crossover in the coupling coefficient
between the TA mode and a TEM mode. This was verified both experimentally and
numerically. Interestingly, we also found that an alternate embodiment of the split TA,
one in which the wall thickness was small, appeared to do a better job of concentrating
radiation (maintaining a relatively small spot size) while allowing for more broadband
radiation to be transmitted. Moreover, we proved that such a structure also led to a
greater concentrated intensity compared with a conventional optical focusing lens under
the same circumstances. Therefore, such approaches may be useful in developing

structures that enable high concentrations of truly broadband radiation.
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CHAPTER 10

NEAR-FIELD IMAGING USING BROADBAND TERAHERTZ

TRANSMISSION THROUGH TAPERED APERTURES

10.1 Introduction

The ability to obtain subdiffraction limited spatial resolution [1,2] has proven to
be an important tool for a variety of spectroscopic and imaging applications. This is
generally accomplished using a variety of aperture-based [3,4] and apertureless [5,6]
approaches. In the former category, high spatial resolution is achieved by bringing a
sharply tapered wire in close proximity to the sample. Electromagnetic radiation is then
scattered off the tip of the (vibrating) wire. Such techniques can allow for very high
spatial resolution, though the coupling (or scattering) efficiency tends to be low. In the
terahertz (THZz) spectral range, early work using this approach demonstrated spatial
resolution on the order of A/1000 [7], though more recent work has shown that
significantly higher resolution is possible [8]. Aperture-based techniques, on the other
hand, do not typically allow for the same level of spatial resolution, but benefit from
comparatively high coupling efficiency in the structures. In the simplest embodiment,
parallel plate waveguides with small plate spacings have been shown to allow for high
spatial resolution along one axis [9]. In a variation on this idea, Zhan et al. showed that
when the individual plates are tapered along both transverse axes, they could achieve
better than A/145 resolution along both axes [10]. It is worth noting that a variety of other

structures have also been employed to perform near-field THz imaging [11-14].
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In conventional optical near-field microscopy, high spatial resolution is
commonly achieved by tapering an optical fiber and appropriately metallizing it such that
there is a subwavelength aperture at the tip [15]. The aperture exhibits a cutoff frequency
associated with the aperture diameter [16]. At optical frequencies, where narrowband
lasers are typically used, the aperture does not introduce any spectral distortion and only
acts to lower the overall transmissivity of the probe. Moreover, such conically tapered
structures should, in principle, also exhibit concentration of the incident radiation [17].
However, the observation of such effects is complicated by the lossy nature of metals at
visible frequencies. Although tapered apertures have previously been used for near-field
THz imaging [18], we have recently investigated the detailed spectral and field
concentration properties of conically tapered apertures [19-21]. These structures have
been fabricated in a variety of different metals and all exhibit approximately similar
behavior: (i) concentration of the incident THz electric field that was maximized for a
taper full angle of 30< (ii) a corresponding reduction in the THz group velocity
propagating through the aperture, and (iii) a cutoff frequency, f., associated with the
output aperture diameter that suppressed THz transmission for frequencies below f..
Based on the last observation, we fabricated a tapered aperture in a metal block that was
cut through the center of the aperture [20]. The rationale for introducing a gap in the
aperture is that when such structures are not fully electrically connected, they may be
able to support broadband transmission. This device was indeed capable of supporting
broader bandwidth transmission. However, since the resulting device was effectively the
superposition of a tapered aperture and a parallel plate waveguide, by virtue of being
fabricated in a metal block, the introduction of even a very modest gap on the order of

10-20 pm allowed for a significant fraction of the field to be leaked into the gap (a
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parallel plate propagating mode), destroying the spatial localization along that axis.
Because of these issues, we proposed and showed numerically that a tapered aperture that
was split in half, but with sidewalls that were thin (~ 60 m) in the vicinity of the gap,
would minimize those issues [20].

We describe the fabrication and experimental transmission properties of that
structure, hereafter referred to as a split shell tapered aperture (SSTA), and demonstrate
its utility for near-field imaging. The structure consists of two halves of a conically
tapered aperture that can be positioned to have a variable gap. That fact, along with the
fact that the sidewall thickness near the gap is small, allows for broadband transmission,
preserves the high concentration factor, and allows for high spatial resolution set by the
output aperture diameter. This is demonstrated using THz time-domain spectroscopy.
Based on these results, we use the probe to image a U-shaped structure fabricated into a
thin metal foil at several different frequencies above and below the cutoff frequency of
the SSTA. Based on the promising results, further refinements in the structure and the
system should allow for high signal-to-noise near-field imaging well below the cutoff

frequency.

10.2 Experimental Details

We fabricated SSTAs using wire electrical discharge machining (wire EDM).
Figure 10.1 shows schematic diagrams of the structure, along with the relevant
geometrical parameters, and a photograph of the final probe. The SSTA was fabricated
using a 3-mm-thick stainless steel plate that was cut into two pieces and polished. Each
half of the tapered aperture was then fabricated with a taper half-angle, relative to the
propagation axis, of 15< The bottom face of the probe was also tapered, with an angle of

0 = 109 relative to the top plane, to minimize contact between the probe and the sample
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(a) (b) ()

Figure 10.1. Details of the split shell tapered aperture (SSTA). (a) Schematic diagram
of the SSTA. Cross-section (left top), top view (left bottom) and side view (right
bottom) of the structure with an input aperture diameter, D; = 1.8 mm, an output
aperture diameter, D, = 100 pum, probe length, d = 3.0 mm, and a taper full angle, o =
30< The two halves of the aperture are separated by a variable gap spacing, g. The
bottom plane of the device is also cut with a tilted angle to the top surface, 6 = 10°.
The sidewall thickness at the gap on both sides is 60 pm. (b) Perspective view of the
SSTA with a gap. (c) Photographs of the SSTA (with g = 0). For the purposes of this
image, the SSTA is attached to a planar surface using double-sided tape.
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under test. The final device consisted of a conical TA with a circular input aperture of
which the diameter, D; = 1.8 mm, length, d = 3.0 mm, and taper full angle, a = 30°,
which we have previously found to be the optimal taper angle [19]. The diameter of the
circular output aperture was D, = 180 pum, corresponding to a cutoff frequency, f. = 1
THz. Based on findings from earlier simulation work [20], we designed the thickness of
the sidewalls near the gap to be 60 um. The two halves of the device could be moved to
allow for a variable gap, g. In all of the following work, the incident and transmitted THz
radiation was polarized perpendicular to the gap.

We characterized the probes experimentally using THz time-domain spectroscopy
with the setup shown in Fig. 10.2(a). The details of the system are described in Ref. [21]
and discussed only briefly here. We used a photoconductive device to generate
broadband THz radiation and a silicon lens to collect and focus the THz beam into the
SSTA. The THz beam had a Gaussian spatial profile with a beam waist that occurred
after the silicon lens at position A, as shown in Fig. 10.2(b). The input plane of the SSTA
was placed at position B to ensure that the incident beam had a more uniform field
distribution and that the beam size was larger than the input aperture of the SSTA. The
two pieces of the SSTA were mounted on a rigid holder, which allowed the gap spacing,
g, to be easily adjusted. The transmitted THz radiation was detected using a
photoconductive dipole detector that had an integrated sub-wavelength aperture. This
aperture was lithographically patterned above the dipole antenna and allowed for ~ 10 um

spatial resolution [21].

10.3 Experimental Results and Discussion

We initially measured the spectral transmission properties of the SSTAs with a

1.8-mm-diameter input aperture and a 180-pm-diameter output aperture for two different
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Figure 10.2. Schematic of experimental system and measured probe throughput
properties. (a) Schematic diagram of the measurement system. Broadband THz
radiation emitted from ZnTe was collected and focused using a spherical silicon lens
and normally incident on the SSTA structure. The transmitted THz pulse was detected
using a dipole antenna that had an integrated circular aperture and yielded 10-pm
spatial resolution. (b) Enlarged diagram of the THz beam showing relevant positions
of the components and the locations where measurements were taken.



136

gap spacing values, and compared these results to equivalent tapered apertures with no
gap and to the input pulse. These data are shown in Fig. 10.3, with the positions where
the measurements were taken given in the figure legend. Although the incident beam was
divergent at the plane of the input aperture, as shown in Fig. 10.2(b), all three tapered
aperture configurations still allow for a factor of ~ 3 concentration of the incident
radiation. For the tapered aperture (g = 0 pm), the spectrum is strongly suppressed at
frequencies below the cutoff frequency of 1 THz, though the tapered nature of the
aperture ensures that there is not a sharp cutoff at that frequency [20]. For both SSTAs,
lower frequencies are clearly enhanced relative to g = O pm tapered aperture. Both
SSTAs also exhibit a dip in the 1.5 - 1.75 THz region, which may be due to reflections
within the more complex structure. On the high frequency side, the reduced transmission
above ~ 2.75 THz is associated with the frequency response of the THz system. For the
SSTAs, even very small gaps allow for significant broadening of the transmitted THz
spectrum. In fact, there appears to be relatively little difference between an SSTA with g
= ~5 pmand g = ~ 20 pm. However, the transmission peak at ~ 2 THz becomes
noticeably reduced for larger values of g. In all three cases, the transmission below 0.5
THz is relatively small. In fact, the spectral amplitude in this low frequency regime is
smaller than we expected based on numerical simulations (not shown). The low
amplitude below 0.5 THz may be the result of slight misalignment between the two
pieces of the SSTA, as well as some surface roughness on the sidewalls that form the gap.
Based on the experimental results, we use a gap of ~ 20 pm for all of the subsequent
imaging work.

Figure 10.4 summarizes the basic spatial properties of the THz electric field

measured approximately 10 pm from the output aperture of the SSTA. In order to
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Figure 10.3. Amplitude spectra of the THz electric field incident and transmitted
through the SSTAs for two different values of the gap spacing, g, and for a tapered
aperture with g = 0. The maximum value of the incident field is scaled to 1.
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Figure 10.4. Measurement of the THz electric field distribution at the aperture output.
(a) Temporal waveform measured close to the output aperture along x-axis, at the
center of the aperture, as an example. (b) Temporal waveform measured close to the
output aperture along y-axis, at the center of the aperture, as an example. (c) The
photo of the output aperture taken from the bottom with the region circled by the red
dashed line that is scanned. (d) The photo of the output aperture taken from the bottom
with another region circled by the red dashed line that is scanned. (e) Field distribution
(bottom image) in the proximity to the center of the output aperture (top photo) of the
SSTA with a gap g = ~ 20 um, with the value in the image obtained at a specific time
point t = 1.27 ps in the temporal waveform from the experiment. (f) Field distribution
(bottom image) in the proximity to the bottom edge of the output aperture (top photo)
of the SSTA with a gap g = ~ 20 um, again the value in the image obtained at a
specific time point t = 1.27 ps in the temporal waveform from the experiment.
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properly assess these spatial properties, we initially measured the THz time-domain
electric field properties across a 200 pm > 200 pm region centered around the SSTA.
Figures 10.4(a) and 10.4(b) show space-time maps of the measured THz waveforms
along the x and y-axes, respectively. It is apparent from both plots that the maximum of
the initial bipolar waveform occurs at approximately t = 1.27 ps, regardless of the
position within that region. Therefore, we can simply use the field magnitude at that
temporal position to map out the THz electric field. In Figs. 10.4(c) and 10.4(d), we show
the specific regions that were interrogated. Finally, in Figs. 10.4(e) and 10.4(f), we show
the measured field distributions taken in 10 pm increments along both axes. It is clear
that despite a 20-jum gap between the two portions of the SSTA, the THz electric field is
strongly confined within the region of the output aperture. This is also consistent with
earlier numerical simulations on similar structures [20].

Using the experimental system shown in Fig. 10.2(a), we now demonstrate the
imaging capabilities of the SSTA probe. We fabricated a U-shaped aperture via laser
ablation in a 75-um-thick free-standing stainless steel foil. A schematic diagram of the
geometry is shown in Fig. 10.5(a) and a photograph of the sample is shown in Fig.
10.5(b). The sample was positioned <50 pm from the SSTA, so that it could be scanned
along both transverse axes in 100 pm increments. For each pixel, we measured the THz
time-domain waveform, Fourier transformed it, and used the resulting amplitude values
at four separate frequencies (0.5 THz, 0.8 THz, 1.0 THz and 1.5 THz) to create false
color images. These images are shown in Figs. 10.5(c)-10.5(f). While the image quality is
reduced with decreasing frequency, the image of the U is still clearly visible even for
frequencies well below the cutoff frequency. It is worth noting that we were not able to

obtain such images for frequencies below cutoff using a conventional tapered aperture (g
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Figure 10.5. Imaging using an SSTA with an output aperture diameter of 180 jum and
g = 60 pm. (a) Design of a U-shaped aperture. (b) Photograph of the fabricated
structure in a 75-um-thick free-standing stainless steel foil. Near field images of the
structure at (¢) 0.5 THz, (d) 0.8 THz, (e) 1.0 THz and (f) 1.5 THz.
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=0 pm).

10.4 Conclusion

In summary, we have demonstrated the utility of a split shell tapered aperture for
near-field THz imaging. The structure consists of two halves of a conventional tapered
aperture, allowing for the introduction of a variable gap between the two pieces. By
virtue of the narrow sidewalls in the vicinity of the gap, the structure allows for
broadband THz propagation, maintains its ability to concentrate the incident THz
radiation across that spectral range, and allows for electric field confinement in a region
determined by the output aperture. Based on these characteristics, we demonstrate near-
field imaging of an aperture fabricated in a metal foil at several different frequencies
above and below the cutoff frequency. Further refinement in the fabrication of the probe
should allow for improved imaging capabilities at even lower frequencies. The results
suggest that this device may be useful for near-field imaging at frequencies well below

the diffraction limit.
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CHAPTER 11

FUTURE WORK AND CONCLUSIONS

11.1 Future Work

Based on the understanding of surface-plasmonic features of the structures we
studied and the capabilities we gained during the course of research, we propose to

extend our work in the following directions.

11.1.1 Reconfigurable filters and beam shaper using “exotic” media

The ability of two-dimensional (2D) subwavelength lattices to enhance amplitude
transmission at resonance frequencies has been demonstrated using a variety of different
materials and geometries, and focused primarily on passive devices [1,2]. The
applications associated with 2D plasmonic lattices include molecular sensing and
spectroscopy [2—-4], photonic devices and methods [2], lithography and imaging [5-8],
and even quantum optics [9,10] and nonlinear optics [11-13]. Even though several
approaches have been exploited to create active device capabilities, the tuning
capabilities are rather limited, e.g., in most cases the geometries of the structure are fixed
after fabrication [11,12,14-32]. With this in mind, we propose to design, fabricate, and
characterize a new class of 2D subwavelength plasmonic lattices that differ
fundamentally from all prior published work and in that they allow for more flexible

control of the 2D geometries. The goal of this work is to develop the active components
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for spectral tuning and spatial beam shaping. From the investigation of the surface
plasmon propagation, each hole in the periodic lattice could be regarded as a scattering
point source, and the interferences between the scattering centers result in the resonance.
Therefore, we could also restructure the lattice in a more flexible manner by altering the
local transmission properties of the dielectric substrate or/and superstrate around each
hole. It is easier to change the properties of dielectric media other than metals. We are
currently investigating the possible materials and the work could be accomplished by

carefully selecting the material.

11.1.2 Design and experimental implementation of transformational

optic devices

As noted in Chapter 2, transformation optics is a unique approach for confining
and controlling the flow of electromagnetic radiation. This mission is accomplished by
mapping the material properties to eliminate field distortion [33,34]. Although the
transformation algorithm is powerful and promising, most of the devices conceived are
still within the theoretical framework. In our earlier work, we studied the dielectric
component between co-polarized incident and transmitted radiation. However, with more
careful and complete measurement of the electric and magnetic field [35], all components
in the permittivity and permeability matrices could be obtained, even for the anisotropic
and magneto-optic materials. Based on the understanding we gained from modeling the
dielectric properties, we could estimate the properties of more metamaterial structures.
Moreover, against that the resonant responses of most periodic geometries are limited
within a narrow band, the random aperture arrays we worked on not only provide

designed plasma frequency but also have a rather flat dielectric response. Using this
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approach, we propose to extend the ability to characterize and engineer the properties of
metamaterials to a broader range of materials, e.g., magneto-optic materials, and to

design and implement transformation optic devices based on their specific features.

11.1.3 Active terahertz single-mode wavequide

Given the scarcity of device capabilities that currently exist at terahertz (THz)
frequencies, there is great need for the development of broad classes of device
capabilities. One of the simplest needs is the capability to route information between
points. Although a number of waveguide geometries have been developed [36], using a
variety of metal, semiconductor and polymer-based architectures, there have been
relatively few experimental realizations of more complex guided-wave devices. A
limitation that has hindered greater exploration in this direction is the fact that a large
fraction of the dielectric waveguide materials for such geometries exhibit nonnegligible
absorption and dispersion throughout the THz frequency range. Alternatively, metal
waveguides offer a simple means for confining long-wavelength electromagnetic
radiation. Given the high conductivity of metals at these wavelengths, propagation losses
can be relatively small. In fact, the losses associated with metals are significantly smaller
than with almost all dielectric materials in the THz frequency range. Under such
circumstances, the propagation properties of THz pulses have been examined using a
number of different metallic waveguide structures [37—39]. Even in these forms, the
devices have been largely passive and not active. With this in mind, we propose to design,
fabricate, and characterize a new class of THz waveguide structures that are planar,
though fabricated from a multilayer construction, and can be filled with materials that

respond to external stimuli. The goal of this work is to experimentally realize both
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passive and active planar THz waveguide devices as a means of developing THz circuits.
This goal may be accomplished using U-shaped metallic waveguides with embedded
nonlinear optical materials, as shown schematically in Fig. 11.1. We are currently

examining such structures theoretically to determine the optimal waveguide geometry.

11.2 Conclusions

Our work on the design, fabrication and characterization of plasmonic
metamaterials and tapered structures is presented in this dissertation. The work was
carried out to further understand the mechanisms underlying the phenomenon and to
utilize them for THz optoelectronics devices and systems. In what follows we briefly
summarize the results and conclusions drawn from the discussions in previous chapters.

In Chapter 2, we measured the complex diclectric function, &(w), at THz
frequencies for random and periodic aperture arrays perforated in metallic films. We
theoretically analyzed the extraction of the dielectric constants from the transmitted

electric fields. From our previous studies, &(®) consists of a superposition of an effective

polymer

Figure 11.1. Schematic diagram of the proposed modified slot waveguide with a poled
polymer (shown in red) embedded into the structure near the input.
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‘plasma-like’ response that is associated with the uncorrelated individual apertures, and
discrete resonance oscillation that is associated with the launched SPP interference
related to the reciprocal vectors of the underlying aperture arrays in the Fourier space.
Therefore, the dielectric responses could be modeled quantitatively according to the
geometric parameters. For instance, the effective plasma frequency is determined by the
diameter of the individual apertures, and the transverse optical (TO) frequencies are
described by the antiresonance (AR) dip frequencies which are attributed to the
periodicity of the lattice. Based on these conclusions, we further noticed that the
resonance peak frequencies should also contribute to the formula model, reflected in the
longitudinal optical (LO) frequencies. Due to this, we also modified the formula based on
the careful observation of the Fano-resonance shape, and obtained a better fit to the
experimentally extracted dielectric response. Moreover, we demonstrated the generalized
application of this modeling. With a full measurement of all the components of the
electric and magnetic fields, the dielectric function, &(w), could construct a complete
model of the plasmonic metamaterials and deepen our understanding of the underlying
surface plasmonic mechanisms in a broader field.

Our results that carefully designed multilayer aperture arrays can allow for two
important device capabilities are demonstrated in Chapter 3: (1) the introduction of
additional resonances associated with the layer spacing, which may be used to generate
more complex THz spectral filtering properties, and (2) the ability to create high quality
narrow bandpass THz filters. These capabilities were illustrated primarily using double-
layer aperture arrays, although multilayer structures may allow for additional refinement

of the transmission properties. In addition, the use of aperiodic geometries [40] as well as
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conductive nonmetallic materials [41-43] may allow for greater control over the MFP
resonance frequencies, as well as the potential for active THz optoelectronic device
applications. Finally, it should be noted that interesting “three dimensional” structures,
using stacks of aperture array layers in a variety of geometries, may give rise to new and
interesting optical interference phenomena.

In Chapter 4, we investigated THz transmission through a ~7.5 um-thick HOPG
film using THz time-domain spectroscopy with the incident radiation polarized
perpendicular to the graphite ¢ axis. We obtained the complex refraction index and g(w)
spectra using the measured transmission amplitude and phase, without the need of
Kramer-Kronig transformations and related approximations. The &(®) spectrum was fit
with the Drude model, from which we obtained the graphite plasma frequency, vp = 34
THz; this value is consistent with the low carrier density of graphite at room temperature.
Despite the low plasma frequency, graphite clearly supports SPP excitations in the THz
spectral range. To prove this we perforated the graphite film with periodic subwavelength
HAs and measured resonant enhanced transmission, which arises from interference
between SPPs on the film surfaces. Although graphite exhibits a lower conductivity than
other conventional metals, such as stainless steel, the resonant transmission properties are
similar in nature. This demonstrates that a broad range of similar materials may be useful
for THz plasmonic applications.

In Chapter 5, we fabricated sub 100 um-thick freestanding and highly oriented
MWCNT sheets using the catalytic chemical vapor deposition method. Using THz-TDS
we measured the complex index of refraction spectra of the sheets for two orthogonal

nanotube orientations. We found that the thick CNT sheet shows highly anisotropic THz
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polarization behavior with extinction ratio values of ~40. We investigated the existence
and propagation of SPP excitations at THz frequencies by studying the resonantly
enhanced transmission spectra through periodic aperture arrays fabricated on the
MWCNT sheets. We found that CNTs support SPP propagation along the tubes.
However, no SPP-related enhanced transmission was detected in the perpendicular
direction. Furthermore we found that resonantly enhanced transmission is absent in
aperture arrays fabricated on a thick MWCNT sheet, although the individual apertures
still act as transmission enhancers. These somewhat contradictory results can be
explained by the strong reabsorption of the SPP excitations on the CNT sheet, which
prevents SPP propagation along the surfaces.

In Chapter 6, we experimentally demonstrated a coherent SPP-based narrowband
THz detector by fabricating a portion of a circular grating about a conventional dipole
antenna. We observed a factor of two enhancement at the designated frequency, although
numerical simulations suggest that much larger enhancement factors can be obtained. The
grating allows for the collection of incident radiation outside of the dipole region via
coupling to SPPs, obviating the need for a substrate lens. By superimposing multiple
periodicities and varying the details of the grooves, it is possible to obtain enhanced
detection sensitivity at multiple frequencies. In the current work, these antennas have
only been used for coherent detection. They should work equally well as narrowband or
multiband THz emitters.

In order to conduct subsequent research more systematically, we experimentally
studied individual aperture parameters, specifically the determination of the optimal taper

angle, in Chapter 7. Interestingly, the effective cutoff frequency red shifted with
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increasing taper angle, which was a consequence of the rate of change in a continuously
varying aperture diameter. Further characterization of the tapered aperture structure
through numerical method also confirmed our findings. This investigation provided us
with further understanding of the tapered apertures and “best parameters” for the next
step of the research.

Then in Chapter 8, we demonstrated experimentally that periodic arrays of
tapered apertures are able to concentrate broadband THz radiation. With the optimal taper
angle we studied earlier, we constructed a hexagonal lattice of nineteen TAs that led to a
factor of ~ 10 increase in the broadband THz throughput for frequencies above the
effective cutoff frequency. Further concentration of the transmitted radiation with higher
field density was shown to be possible by tilting the apertures in an array toward the array
center. Such a demonstration suggests that cascaded TA structures may allow for an even
greater level of field concentration than any single layer structure is capable of providing.

In Chapter 9, we experimentally characterized the spectral properties of a split
tapered aperture that incorporated a variable spacing gap between the two halves of the
metallic screen in order to eliminate the aperture cutoff effect and enable broadband
confinement of THz pulses. However, we found that the peak spectral transmission was
greatest when there was no gap and that the peak decreased steadily as the gap spacing
was increased. Correspondingly, there was a crossover in the coupling coefficient
between the TA mode and a TEM mode. This was verified both experimentally and
numerically. Interestingly, we also found that an alternate embodiment of the split TA,
one in which the wall thickness was small, appeared to do a better job of concentrating

radiation (maintaining a relatively small spot size) while allowing for more broadband
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radiation to be transmitted. Moreover, we proved that such a structure also led to a
greater concentrated intensity compared with a conventional optical focusing lens under
the same circumstances. Therefore, such approaches may be useful in developing
structures that enable the concentration of truly broadband radiation.

Last in Chapter 10, we experimentally demonstrated the utility of a split shell
tapered aperture for near-field THz imaging. The structure consists of two halves of a
conventional tapered aperture, allowing for the introduction of a variable gap between the
two pieces. By virtue of the narrow sidewalls in the vicinity of the gap, the structure
allows for broadband THz propagation, maintains its ability to concentrate the incident
THz radiation across that spectral range, and allows for electric field confinement in a
region determined by the output aperture. Based on these characteristics, we demonstrate
near-field imaging of an aperture fabricated in a metal foil at several different frequencies
above and below the cutoff frequency. Further refinement in the fabrication of the probe
should allow for improved imaging capabilities at even lower frequencies. The results
suggest that this device may be useful for near-field imaging at frequencies well below

the diffraction limit.
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