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Abstract

Terahertz radiation has many unique properties not found in
other parts of the electromagnetic spectrum. Terahertz radia-
tion is non-ionizing, many common materials are transparent to
it, and a significant amount of materials have unique spectral
signatures. These properties have the potential to provide sig-
nificant advances in current technologies, such as imaging, secu-
rity, biomedical analysis, and communications. However, there
are still challenges that need to be overcome within the field of
terahertz research; metamaterials and metasurfaces offer the pos-
sibility to make further advancement. Three particular terahertz
challenges that will be addressed with metamaterials and meta-
surfaces in this thesis are perfect absorption of terahertz radia-
tion, manipulation of terahertz polarization, and phase control
of terahertz waves for large angle refraction.

Metamaterials and metasurfaces have been used in devices for
controlling wave transmission, reflection, and absorption from
the microwave to optical wavelength regimes. Perfect terahertz
absorbers are a critical step to unlock the potential of terahertz
technology. There are vast applications of absorbers; for exam-
ple, they are used in anti-reflective coatings and in detectors. Ef-
ficient detectors are still lacking in this part of the spectrum and
efficient absorbers of electromagnetic waves are a crucial compo-
nent of any detector. In this work, an all-dielectric metamaterial
was proposed that acts as a perfect terahertz absorber without a
ground plane. The unit cell consists of a dielectric cylinder em-
bedded in a low index material. In order to achieve near-perfect
terahertz absorption (99.5%) impedance matching of the electric
and magnetic resonances was employed within the cylinders of
the Huygens’ metasurface. Changing the aspect ratio between
the height and diameter of the cylinder grants control of the
impedance matching. It was shown that the absorption reso-
nance can be tuned to particular frequencies from 0.2 to 2.0 THz
by changing the geometric parameters of the structure, while
keeping the aspect ratio of the cylinders nearly constant.
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In addition to perfect absorption, it is shown here that ter-
ahertz chiral metamaterials achieve resonant transmission and
strong optical activity. This response is realized in a metasur-
face coupled to its Babinet complement, with additional twist.
Uniquely, the optical activity achieved in this type of metamate-
rial is weakly dispersive around the resonant transmission max-
ima, but it can be highly dispersive around the transmission min-
ima. It was recently shown that this unique optical activity re-
sponse is closely related to zeros in the transmission spectra of
circular polarizations through the Kramers-Kronig relations and
strong resonant features in the optical activity spectrum corre-
sponding to the Blaschke phase terms. It is demonstrated here
that by modifying the meta-atom geometry greatly affects the lo-
cation and magnitude of these Blaschke phase terms. Three dif-
ferent meta-atoms were studied, which are variations on a simple
cross structure. The responses of each structure were measured
using terahertz time-domain spectroscopy and analyzed via nu-
merical simulations.

For operation in transmission, Huygens’ metasurfaces are com-
monly used, since their favorable impedance matching to the sur-
rounding media minimizes reflections and maximizes transmis-
sion. However, recent research has shown that Huygens’ meta-
surfaces are non-optimal, particularly for large angles of refrac-
tion, and that to eliminate reflections and spurious beams it is
necessary to use a bianisotropic metasurface. In this work two
concrete terahertz metasurface designs are compared based on
the Huygens’ and Omega-type bianisotropic approaches, demon-
strating anomalous refraction angles for 55◦, and also for 70◦. It
is shown that near-field coupling between adjacent elements of
the metasurface is a critical factor not taken into account in the
design procedures currently in the literature. It is shown here
that for the lower angle of 55◦, there is no significant improve-
ment when using the bianisotropic design; whereas, for refrac-
tion at 70◦ the bianisotropic design shows much higher efficiency
and fidelity of refraction into the designed direction.
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Chapter 1

Introduction

1.1 The Terahertz Frequency Range

The terahertz frequency range is a part of the electromagnetic
spectrum that lies in between infrared and microwave frequen-
cies, 0.3 to 10 THz, as seen in Figure 1.1. These particular fre-
quencies have many unique and useful characteristics not found
in other portions of the spectrum. The advantages of terahertz
radiation have a vast reach in current technologies, particularly
in regards to: 1. imaging, 2. security, 3. biological/medical
applications, and 4. communications [2–6].

Figure 1.1: The terahertz spectrum, from 0.3 to 30 THz, is located in between
the infrared and microwave regions.

One of the main features of terahertz radiation that makes
it particularly useful to all these areas is that many common
materials are transparent to terahertz radiation. These include
everyday materials such as wood, plastic, and dry nonmetal-
lic substances [5, 7]. Familiar fabrics and packing materials are
also transparent to terahertz radiation which makes the terahertz
spectrum ideal for security applications such as airport scanners,
building security systems, and postal services. Furthermore,
there are several common explosive materials such as RDX and

1
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Figure 1.2: Panel (a): Terahertz imaging of a cavity within tooth enamel [11].
Panel (b): layers of a painting under different intensities of terahertz radiation
revealing the artist’s signature (Goya) [12]. Panel (c): ceramic knife (toe) and
Semetex (common explosive, heel) hidden inside a person’s shoe [13]. Panel
(d): everyday objects revealed within common materials, such as, plastic and
cardboard [14].

HMX that have distinct signatures in the terahertz range that
could aid in detection of explosives [5, 8]. Arguably, one of the
most important features of terahertz radiation is that it is non-
ionizing [5, 9]. This makes the terahertz spectrum ideal for bio-
logical and medical imaging because, unlike x-rays, there is low
probability of damage to biological tissue [4, 9, 10].

Some of these aspects can be seen in Figure 1.2 where common
materials are transparent to terahertz radiation, revealing hidden
characteristics or concealed items, unlike at visible wavelengths.
Such as, in Figure 1.2 (a) , a cavity within tooth enamel [11].
Panel (b) the image on the left is a painting under visible light
the other images (middle and right) are the same painting under
different intensities of terahertz radiation [12]. Panel (c) reveals
a weapon concealed in common clothing [13], and Panel (d) de-
picts objects within everyday packaging; such as, matches inside
a matchbox (top), common highlighter under cap (middle), or
a toy flower inside a plastic casing (bottom) [14]. This together
with the fact that many molecules have natural absorption fea-
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§1.2 Overview of Terahertz Challenges 3

tures at terahertz frequencies means that the terahertz spectral
range is the perfect platform for biological and medical appli-
cations [5, 15–17]. On a side note, from a conceptual physics
point of view, the terahertz spectrum also acts as a “bridge”
between the distant worlds of optics and microwaves. Modern
high performance optical devices incorporate structures on the
nanoscale, whereas, microwaves employ structures on the mil-
limeter scale. This means structures in the microwave regime
are not always feasible to scale to optical frequencies because
nanoscale fabrication can be complicated and metallic structures
typically have significant losses. Terahertz on the other hand has
the advantage that structures are on the micrometer scale which
are typically easier to fabricate than at optical wavelengths and
metallic losses are usually minimal. In order to take advantage
of these particular characteristics afforded the terahertz regime
several fundamental challenges must be overcome in order to
readily employ terahertz waves for use in everyday technology.

1.2 Overview of Terahertz Challenges

Terahertz waves were commonly referred to as far-infrared or
sub-millimeter waves during most of the 20th century when they
were used in spectroscopy and astronomy [10]. This was until
laser technology became developed enough in the 80s and 90s
when the laser could become the pulse source for generating ter-
ahertz waves to be used in terahertz time-domain spectroscopy
(THz-TDS) systems [10]. Highly tunable intense sources of ter-
ahertz radiation remains one of the major challenges facing ter-
ahertz technology; and although, this will not be discussed in
this work it is still worth mentioning in the larger context of the
field [15]. Some of the proposed solutions for more efficient, tun-
able, compact, and high power sources of terahertz radiation in-
clude: quantum cascade lasers, vacuum electronic devices, and
accelerator-based sources [10]. As of 2018 there are currently
no readily available, laser-based, tunable, multicycle terahertz
sources that can produce intense terahertz radiation in the range
5-15 THz [10]. There are however, custom sources in this range
that can produce intense fields but these systems tend to be very
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expensive.
Another challenge facing the terahertz field is that once these

waves are produced, specific components are needed to manip-
ulate these waves in predictable and desired ways. Although
standard components, i.e. lenses, polarizers, antennas, mirrors,
can be used to direct and alter these waves, more specific ma-
nipulation with greater efficiency requires a higher degree of
complexity than standard optical elements [15]. For instance to
control, polarization rotation, beam refraction, or field enhance-
ment [15]. Standard components can also be bulky and require
large amounts of space to operate. This can be a drawback for
current technologies to be deployed in the field or be integrated
into small electronic devices.

To complete the process, once the waves have been tailored
for the desired application, the signals need to be efficiently de-
tected [15]. This means that there need to be efficient, broad-
band, compact absorbers of terahertz waves. Some current detec-
tors for THz-TDS rely on antennas that have a limited frequency
range of detection and require careful alignment, as well as, re-
strict the compactness of the spectrometer. Another common
issue with terahertz absorbers is that many of them require a
metallic ground plane to suppress transmission [2,18–26], which
will be discussed in more detail in Chapter 2. This means that
any signal not detected will be reflected, which could interfere
with the detector’s operational efficiency. For example, if the de-
tector consisted of cascaded sheets to detect several frequencies,
any reflected signal could hinder the performance of the different
sheets. Furthermore, there are two common detection schemes,
the first of which is broadband detection over a large range of
frequencies; alternatively, there is frequency selective detection
over a narrowband, a solution to this type of detection will be
presented in this thesis. Ideally, there would be a detector with
perfect accuracy that could be tuned to any frequency within the
terahertz regime, unfortunately this is far from the case.

The emerging field of terahertz metamaterials and metasur-
faces offers new insights to solve these current issues in the ter-
ahertz regime [15, 27, 28]. Overcoming these challenges requires
the implementation of new physical concepts combined with
novel material technologies to create better sources, manipula-
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tion, and detectors of terahertz waves. Metamaterials and meta-
surfaces offer the advantages of compactness, high efficiency,
and structures that have tailored solutions to very specific prob-
lems.

1.3 Metamaterials and Metasurfaces

One of the most promising platforms to further terahertz tech-
nologies is the development of terahertz metamaterials and meta-
surfaces. Metamaterial research has unlocked many novel ad-
vancements in technological applications to control electromag-
netic waves from the optical to microwave wavelengths by ma-
nipulating the transmission, reflection, and absorption of these
waves [29–33]. Metamaterials are subwavelength man-made stru-
ctures that are designed to manipulate electromagnetic waves in
exotic ways that do not occur in natural materials [9,34–38]. The
field of metamaterials has come a long way since the theoretical
work in 1968 by Veselago where he proposed that it was possible
to achieve negative refraction by a material if the medium si-
multaneously had a negative permeability and permittivity [39].
Characteristics such as these are achieved through resonant ef-
fects within unit cells that make up the periodic array of meta-
atoms. These meta-atoms are typically structures with a strong
resonant electric or magnetic dipole response. The resonators
can be constructed out of metal or dielectric material, or both
in the case of hybrid metasurfaces. The first suggested and ex-
perimentally demonstrated metamaterial consisted of so-called
split ring resonators (SRRs) and metallic rods, and achieved neg-
ative refraction [34, 40], some examples of this basic meta-atom
can be seen in Figure 1.3 (a), (b), and (c). This original con-
cept of negative refraction was the basis for ideas like super-
resolution [41–44] and electromagnetic cloaking [45, 46].

The ultimate goal of metamaterial/metasurface research is to
develop one unified concept that achieves complete control over
electromagnetic waves in any desired way, at any desired fre-
quency. At higher frequencies in the optical regime, structures
can be very small and if the structures are metal-based the ohmic
losses can become significant, which greatly reduces the effi-
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Figure 1.3: Panel (a) Basic split ring resonator (SRR), which presents a sharp
resonance at a particular frequency depending on the geometric parameters.
Panel (b) double split ring resonator (DSRR). Panel (c) example of the first
demonstrated metamaterial in the microwave regime to produce negative re-
fraction [34].

ciency of the metamaterial [36]. Another challenge with meta-
materials is the fabrication of very intricate structures that can
be required for some 3D structures. One way to curtail the fab-
rication challenges is to reduce the complexity of the structure
and replace a 3D structure with a 2D metasurface [47]. These
surfaces are composed of planar arrays of resonators that have
sub-wavelength periodic separations and geometric parameters
that can vary spatially along the surface [36], some examples can
be seen in Figure 1.4 (a-f).

Figure 1.4 panel (a) shows a reflect-array metasurface that
demonstrates the generalized Snell’s Law of refraction and gen-
erates anomalous reflection with an efficiency of 80%, both of
these concepts will be addressed in detail in the following para-
graphs [36, 48, 53]. Panel (b) presents a metasurface in the ter-
ahertz regime that converts linear polarized light into circular
polarized light [36,49]. Panel (c) shows an array of plasmonic an-
tennas that satisfy the generalized laws of reflection and refrac-
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Figure 1.4: Panel (a) shows a metallic reflect-array of H shaped antennas
to direct the reflected signal with a 2π phase coverage [48]. (b) Depicts a
metasurface that converts a linearly polarized wave at 45◦ to a circular polar-
ization at terahertz frequencies [49]. (c) Plasmonic [50] and (d) all-dielectric
metasurface for phase control and holographic production in the optical wave-
length range [51]. (e) All-dielectric perfectly reflecting metasurface in the in-
frared [30]. (f) Metasurface array of dielectric disks to produce refraction at
optical wavelengths [52].

tion over a broadband with a nearly linear phase profile [50, 53].
Additionally, one can replace lossy metallic components with
all-dielectric structures that support resonances for a variety of
functionalities if it is advantageous. However, it may not always
be possible to fabricate dielectric structures that have equiva-
lent capabilities as metallic structures and vice versa. For exam-
ple, Panel (d) is an array of silicon nanodisks at optical wave-
lengths, to create a Huygens’ metasurface that presents near-
perfect transmission and 2π phase coverage [51]. Panel (e) and
(f) are also examples of Huygens’ metasurfaces to create effects
such as perfect reflection and beam steering respectively [30,52].
The concept of the Huygens’ metasurface will be discussed in
more detail in Section 1.4 in order to emphasize the importance
of this recent advancement.

One feature that many of these metamaterials/metasurfaces
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have in common is that they exploit the effects of anomalous re-
fraction, which will be discussed in detail here, and is the basis
for the analysis presented in Chapter 4. A plane wave incident
upon a boundary between two homogeneous media that have
different refractive indexes, n1 and n2, will divide into reflected
and transmitted waves. The wave that propagates into the sec-
ond medium will undergo refraction and this effect is governed
by the Fresnel equations that give the transmission and reflection
coefficients and the common Snell’s Law given by [54]

sinθi

sinθt

=
n2

n1
. (1.1)

For a metallic boundary between two media the transmitted
and reflected waves will undergo a phase change between -π and
π. If the interface is between two lossless dielectric layers there is
of phase shift on the transmitted wave but the reflected wave will
have a phase shift between 0 and π, depending on the specific
properties of the boundary. However, one of the goals of meta-
surfaces is to replace bulky optical components such as lenses,
mirrors, and prisms with ultra-thin devices that have equiva-
lent functionality. In order to illustrate this and the concept of
anomalous refraction further, a metalens is shown in Figure 1.5.

The ray diagram at the top of Figure 1.5 shows a parallel plane
wave incident on a standard converging optical lens with a focal
point P. At the focal point, each point on the wavefront has the
same phase because of the physical curvature of the lens. As a
wave propagates through an optical device there is an accumu-
lation of phase based on the physical distance the wave travels
in the lens medium [53]. Now as an example, if this lens is made
flat and the phase profile is not properly engineered there will be
a distortion of the focal point if points on the wavefront of equal
phase are evaluated. This is because there is a loss of the travel
time in the medium of different index.

Therefore, in order to create a flat metalens, one needs to in-
troduce the proper phase profile of the transmitted wave using
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Figure 1.5: The top ray diagram depicts the standard behavior of a parallel
plane wave incident on a standard optical lens with focal point P. The bottom
image is an example of a metalens if the lens was made flat employing the
concept of anomalous refraction.

the generalized Snell’s Law given by{
nt sinθt −ni sinθi =

1
k0

dΦ
dx

cosθt sinφt =
1

ntk0

dΦ
dy .

(1.2)

Here k0 is the incident wave-vector and dΦ
dx and dΦ

dy are the phase
gradient components, parallel and perpendicular to the plane of
incidence [36, 53]. Metasurfaces with such quantities introduce
an electromagnetic response that varies spatially across the sur-
face and can be tailored to control such characteristics as ampli-
tude, phase, and polarization [53]. In the case of the metalens
shown in the bottom of Figure 1.5 this means that the elements
of the metalens should have a phase gradient causing refraction
at each point on the lens resulting in the wavefront focusing at P
with equal phase. This also means that for full control of electro-
magnetic radiation it is essential to have a phase response span
the entire range from 0 to 2π.

Metamaterials and metasurfaces have a multitude of function-
alities, such as negative refraction or cloaking, but these are just
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Figure 1.6: Panel(a) shows a circular polarization selective metasurface to
produce position dependent holograms [36, 53, 58]. (b) depicts a terahertz
metasurface that rotates linear polarization by 90◦ [36, 53, 56]. (c) shows a
microwave metasurface to produce beam refraction at an angle of 45◦ [36, 53,
57].

the tip of the iceberg. There are countless structures that have
been proposed, a few of which can be seen in Figure 1.6 just
to show some examples of the possibilities that await the entire
electromagnetic spectrum. The terahertz regime in particular can
benefit from the impact of metamaterial/metasurface devices be-
cause fabrication can be easier than at optical wavelengths and
these devices can take advantage of the unique properties of ter-
ahertz radiation that do not exist at microwave frequencies. Fig-
ure 1.6 Panel (a) shows a Huygens’ metasurface that can be used
for hologram generation at optical wavelengths [36, 53, 55], (b)
depicts a metamaterial that acts as a polarization converter in
terahertz frequency range [36, 53, 56], and (c) shows a beam re-
fracting metasurface at microwave frequencies [36, 53, 57].

In regards to the material presented in Chapters 2 and 4 one
of the more recent advancements in the effectiveness of meta-
surfaces has been the introduction of the Huygens’ metasurface,
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which is based on the Huygens’ principle and offers new avenues
of exploration. In relation to this thesis the Huygens’ metasur-
face is a critical concept and will be discussed in detail in the
following section.

1.4 Huygens’ Metasurfaces

In recent years a significant advancement in metamaterial/meta-
surface research has been the introduction of the Huygens’ meta-
surface based on the fundamental ideas of the Huygens’ Princi-
ple. This principle states that each point on a wave-front acts
as a secondary source for a spherical wavelet, as seen in Fig-
ure 1.7 [54, 59]. Fresnel later refined this principle to adapt this
model to include diffraction effects, which he explained by the
mutual interference of the wavelets [54, 59].

metasurface

k

wavelet

wavefront

Figure 1.7: Huygens’ principle states that each point on a wavefront be-
comes the source for a new spherical wavelet (red curves) and these wavelets
combine to form a plane wavefront (green curves).
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The Huygens’-Fresnel Principle lies at the heart of the Huygens’
metasurface because one way of describing these sources is to
think of them as small antennas with crossed electric and mag-
netic dipole fields that radiate in the forward direction [36, 59–
61]. These sources were originally introduced as an hypotheti-
cal concept in order describe these secondary sources; however,
it was later found that these sources could be physically real-
ized with sub-wavelength particles supporting both, optically in-
duced, electric and magnetic dipole fields [59–61].

To date, the Huygens’ metasurface has been realized in a plet-
hora of ways, to produce a variety of functionalities [29, 30, 36,
51, 53, 57, 59–68]. These materials have been realized using both
metallic [57,60–62,69] and dielectric meta-atoms [30,51,59,63,70,
71], a few examples can be seen in Figure 1.8. Panel a) shows an
example of a unit cell of a larger super cell, consisting of capaci-
tive and inductive metallic elements supporting both electric

Figure 1.8: Panel (a) shows a metallic diffracting Huygens’ metasurface in
the microwave regime used for refraction [61]. Panel (b) show a similar meta-
surface in the optical regime [62]. Panel (c) left side shows a Huygens’ meta-
surface consisting of dielectric disks and the corresponding supported fields
within the disks [59].
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and magnetic dipole fields in the microwave regime where metal-
lic losses are negligible [61]. When configured properly and
combined with similar elements the larger supercell can create
anomalous refraction of a beam at a desired frequency [61]. The
material depicted in Panel b) shows the configuration of another
type of supercell created for a similar purpose, also consisting
of metallic elements [62]. However, Panel c) shows an array of
dielectric disks constructed out of silicon and below the electric
and magnetic dipole fields supported within the disk [59].

The high refractive index dielectric disks offer a simple geom-
etry with control over the spectral positions of the electric and
magnetic resonances by simply adjusting the aspect ratio of the
disk, while overcoming the dissipative losses of metallic struc-
tures at the higher frequencies. The spectra in Figure 1.9 show
the transmission through the metasurface with each spectrum
offset for clarity. The resonance overlap process can be seen in
Figure 1.9 where the material consists of a high index dielectric

Figure 1.9: Transmittance spectra that were numerically calculated for a
metasurface array of silicon disks embedded in a low index material. Disks
have fixed height and the diameter is changed by 25 nm. There is a clear
overlapping of the positions of the electric and magnetic resonances with a
diameter of 475 nm leading to perfect transmission [29].

disk on a low index substrate; if the height is kept constant and
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the diameter of the disk is varied, one can see that the magnetic
(left peak) and the electric (right peak) resonances will overlap
(d = 475 nm) [29].

At the point of overlap the resonances become a resonant
Huygens’ metasurface; and depending on the desired effect, can
be tailored to achieve a perfect reflecting or transmitting meta-
surface. The Huygens’ metasurface offers many possibilities for
the advancement of terahertz technologies but the one of the
most important features of the dielectric metasurface is the fact
that these surfaces provide full 2π phase coverage [59]. When
taking all of these characteristics into account, all-dielectric meta-
surfaces offer an ideal platform for wave-front manipulation with
materials of subwavelength thickness.

1.5 Bianisotropic Metasurfaces

One way that the Huygens’ metasurface concept has been ex-
panded on is by introducing bianisotropy to these structures.
Bianisotropy refers to the dual polarization operation and anisot-
ropic response the materials undergo when exposed to electro-
magnetic fields; meaning, when these structures encounter an
external electric field they acquire a magnetic polarization and
vice versa [72,73]. Bianisotropic metasurfaces can provide advan-
tages in designing metasurfaces for asymmetric absorption and
reflection, one-way transparency, optical activity, and anomalous
refraction [72, 73].

In regards to the work in this thesis, the focus will be on
bianisotropic metasurfaces that provide anomalous refraction for
wave manipulation. Anomalous refraction occurs when the di-
rection of incident wave propagation is changed into another
wavefront by refraction. A typical standard optical device that
is used for this functionality is the diffraction grating, which dic-
tates the specific amount of power mapped into a particular or-
der [72]. However, typical diffraction gratings are bulky or can
require active elements. Metasurfaces can be employed in or-
der to overcome these drawbacks and in particular can be very
efficient when bianisotropic elements are introduced.
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1.6 Chiral Metasurfaces

Another way that metamaterials and metasurfaces can be useful
in manipulation of terahertz waves is to rotate the plane of po-
larization of the wave. Although natural chiral substances exist
in nature their effects are typically many orders of magnitude
lower than man-made chiral structures [74]. Chiral metasurfaces
have been shown to be effective in polarization rotation and con-
version, which can be useful in topics such as chemistry, physics,
biology, and optics [75–79].

1.6.1 Chirality

A chiral system is a structure or substance that cannot be su-
perimposed onto its mirror image, for instance a person’s right
and left hand, that is why these structures are said to possess
“handedness.” This handedness is determined by the geome-
try of the structure that is interacting with the electromagnetic
wave. Interaction of a chiral substance or material with an elec-
tromagnetic wave causes cross-coupling between the electric and
magnetic polarizations of the medium at resonance with the in-
cident wave [1, 80, 81]. This process establishes the critical fea-
ture of a chiral substance, which is that it splits the degeneracy
between right-circularly polarized (RCP) and left-circularly po-
larized (LCP) waves [80, 81]. The simple explanation for this

Figure 1.10: An illustration of the concept of linear polarization rotation.
The right and left components of the incident linearly polarized wave interact
with the materials in different ways, creating a phase difference and therefore,
a rotation of the linear plane of polarization.
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symmetry breaking is that the speed of propagation is different
for the two circular polarizations and the result of this is a phase
difference between the RCP and LCP waves as they are trans-
mitted through the structure [82]. An incident linearly polarized
wave can be decomposed into LCP and RCP waves. Upon in-
teraction with matter any phase difference between the LCP and
RCP waves will result in a rotation of the linear plane of polar-
ization as seen in Figure. 1.10.

Such chiral substances are present in nature, such as, in the
difference in the molecule limonene as seen in Figure 1.11 (a)
[83]. The subtle change in the arrangement of the hydrogen
and carbon atoms in the molecule results in the difference in
odor between lemons and oranges. Another common example
of these minor variations is the molecule L-methamphetamine
and D-methamphetamine as seen in Figure 1.11 (b). The first is
a common ingredient in over-the-counter cold medicines, the

Figure 1.11: a) The chiral molecule limonene, the subtle difference between
the two molecules is the difference in smell between lemon and orange. b)
The molecule on the left is relatively harmless and useful in some over the
counter medications while the molecule on the right is the dangerous street
drug. The subtle difference making these molecules chiral is the orientation
of the lower CH3 bond shown by dashed lines and bold.
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second is the destructive street drug. The subtle difference is
the orientation of the lower bond to the CH3 group, the dashed
wedge indicates rotation into the page and the bold wedge indi-
cates inclination out of the page.

1.6.2 Chiral Metamaterials

Natural materials generally have weak chiral responses; there-
fore, in order to take advantage of these properties man-made
materials can be implemented. This is a perfect example where
metamaterials and metasurfaces come into play, some examples
can be seen in Figure 1.12. Panel a) shows the unit-cell of a chi-
ral array that can be used to manipulate the polarization states of
optical waves [84,85]. The gold spiral unit-cell in Panel b) was re-
alized in the microwave regime and these structures are typically
used as circular polarizers or polarization converters [84, 86, 87].
The twisted rosettes in Panel c) show a chiral structure that

Figure 1.12: a) Chiral meta-atom that manipulates polarization states, usually
in multi-layered structures. b) Spiral unit-cell that can be used as a circular
polarizer of polarization converter. c) Twisted-rosettes that acts as a nega-
tive index material. d) Metamaterial absorber that can be fabricated for right
or left circular polarization. e) Twisted crosses that produce strong optical
activity [84–90].
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operates as a negative index material [88].
Chiral structures function by coupling electric and magnetic

fields [91]. This means they are often implemented in complex
geometries such as spirals [86, 87, 92] or metafoils [93] that can
support both electric and magnetic modes, which can achieve
carefully balanced responses to the two fields [94, 95]. Another
example of a complex geometry in the microwave regime is the
L-shaped folded metallic wires in Panel d) that act as an absorber
that is right or left circular polarization selective [84, 85]. How-
ever, structures such as these typically require complex three-
dimensional fabrication techniques, which in many cases are not
practical [79, 85–87].

1.7 Numerical Analysis - CST Microwave Studio
Software

One of the most important tools available for analysis of meta-
material and metasurface performance is electromagnetic simu-
lation software and for the work in this thesis the CST Microwave
Studio software package was used. This software package aids
in the design and optimization of 3D models of periodic meta-
surface arrays and was used in the frequency domain to test the
metasurface simulation performance. First, a model of the basic
meta-atom cell in question is designed using a computer aided
design-like feature of the software and an example of such a type
of meta-atom design can be seen in Figure 1.8 (a). The software
contains an extensive library of frequency dependent material
parameters such as gold, chromium, silicon, etc., as well as, the
ability to manually enter material parameters for lesser studied
dielectric materials and complex bianisotropic crystal structures.
After the materials and their parameters are decided, the geo-
metric dimensions are chosen with an initial value and establish
a parameter set of variables that can be altered in order to opti-
mize the desired performance of the structure in question. The
software default algorithm then divides the 3D model into tetra-
hedron sections and applies Maxwell’s equations to each section
as the wave propagates in the cell. The more tetrahedrons used
the more accurate the solution; however, this obviously increases

Final – 15 July 2019
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the run-time of the simulation, which can vary greatly depend-
ing on the structure size compared to wavelength, level of intri-
cacy in the material parameters, size of frequency range to be
tested, and accuracy required.

For the purposes of this thesis, the meta-atom is simulated
with periodic boundary conditions in an infinite array of iden-
tical cells. The cell consists of the meta-atom in between two
parallel ports where the simulated electromagnetic wave will
be launched and received. The simulation then readily extracts
the so called Scattering Parameters (S-parameters) that are cal-
culated as in Reference [96][

b1

b2

]
=

[
S11 S12

S21 S22

] [
a1

a2

]
. (1.3)

In the above equation the wave amplitude coefficients a and b
are directly proportional to the electric fields. S11 represents the
reflection coefficient given by b1/a1 = Er/Ei, and S21 is the trans-
mission coefficient given by b2/a1 = Et/Ei for a1 incidence [96].
Note that one key assumption made in the use of S-parameters
is that the incident and transmitted wave impedances are iden-
tical, this critical idea can become problematic for certain meta-
surface applications, such as those discussed in Chapter 4 where
it becomes necessary to use the Generalized S-parameters [G]
(G-parameters) given by

[G] = [U]([Z]− [Zre f ])([Z] + [Zre f ])
−1[U]−1. (1.4)

In this equation [G] is the G-matrix similar to the S-matrix
in Equation 1.3; however, [U] is a diagonal matrix with non-
zero entries [Ure f ,11] = Z−1/2

S and [Ure f ,22] = Z−1/2
L and [Z] is

the impedance matrix with elements that can be related to the
S-parameters as found in Reference [97]. Finally, [Zre f ] is a di-
agonal matrix with elements that take into account the different
impedances of the source and load of the transmitted wave as
[Zre f ,11] = ZS and [Zre f ,22] = ZL [98]. These outputs can then be
used to optimize the performance of the metasurface for the de-
sired effect or analyze the behavior of the fields, just to name a
few capabilities of this software.
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1.8 Terahertz Time-Domain Spectroscopy

Experimental verification of theoretical and numerical results is
fundamental to all scientific research. One of the most com-
mon forms of analysis in the terahertz regime is terahertz time-
domain spectroscopy (THz-TDS). THz-TDS is grounded on di-
rect sampling in the time-domain using a pump-probe configu-
ration that employs an ultrafast laser [99]. There are other con-
figurations but this is a standard system and the type of spec-
trometer that was used to perform the experimental measure-
ments in Chapter 3 Section 3.5, a schematic of this system can be
seen in Figure 1.13. The components labeled in Figure 1.13 are
as follows: L-laser, M-mirrors, BS-beam splitter, Att-attenuator,
SDL-slow delay line, FDL-fast delay line, Ls-lens, Ant-antenna,
PM-parabolic mirror, S-sample. The components inside the gray
barrier (Box) are contained in a Plexiglas box that is filled with
nitrogen gas to isolate it from moisture in the atmosphere that
can absorb terahertz radiation. The near-infrared, ultrafast

Box

Ls Ls

S

AntAnt

FDL

SDL

PM PM

PMPM

M L
BS

A

A

Figure 1.13: Illustration of a common terahertz spectrometer and the exact
configuration of the spectrometer used to characterize the response of the
samples fabricated in Chapter 3 Section 3.5.
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femtosecond Ti:Sapphire laser source and probe beam is shown
in red and operates at a wavelength of 780 nm. The terahertz
signal is shown by the blue cones.

The femtosecond laser acts as the pump and the probe. Upon
entering the nitrogen atmosphere box it encounters a beam split-
ter labeled BS and takes two paths. The path on the left side is
the pump path to generate the terahertz signal, while the path
on the right is the probe path that will sample the arriving tera-
hertz pulse in the time domain. The pump beam is directed to
the retro-reflector on the slow delay line (SDL) stage that is con-
trolled by computer software, which allows for higher spectral
resolution. Then the beam passes through an attenuator to limit
the power on the emitting antenna. The fast delay line (FDL) al-
lows for real time data acquisition of 10 spectra/sec [100]. Then
the beam is focused on a photoconductive antenna that consists
of electrodes on a semiconductor substrate of GaAs, which is de-
picted in Figure 1.14. Along with the ultrafast laser, the introduc-
tion of the photoconductive antenna in 1984 was the other major
piece of technology that led to significant advancement in the
field of terahertz spectroscopy [99, 101]. When the semiconduc-
tor is illuminated with the ultrafast laser, accelerated carriers are
generated that excite dipole radiation at terahertz frequencies,
creating a beam of pulsed terahertz radiation that is depicted by
the blue cones in Figure 1.13 [102]. The terahertz signal is mod-
ulated by a voltage applied to the source antenna. The terahertz

Figure 1.14: Schematic of a typical photoconductive antenna used in tera-
hertz emitters and detectors. This type of antenna consists of a semiconductor
substrate (GaAs in this case) with patterned electrodes on one surface, which
are then excited with an ultrafast laser to excite free-carriers.
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beam is then focused on the sample by two parabolic mirrors
labeled PM in Figure 1.13. In order to ensure that the terahertz
beam is focused and homogeneous, at the sample location, an
aperture is placed in the beam path. Meanwhile the terahertz
signal is continuously monitored so that the amplitude is maxi-
mized and unchanged by making slight adjustments of the direc-
tional parabolic mirrors. Furthermore, the beam shape is formed
by the aperture and it is much larger than the size of the individ-
ual elements in the measurements of the structures in this thesis,
and therefore, small inhomogenieties of the beam did not affect
the results of the measurements.

After the beam passes through the sample it is focused onto
the detecting antenna which is simultaneously illuminated by
the probe side of the laser that is similarly focused on the an-
tenna. The probe beam has a higher energy than the THz signal
and generates carriers in the semiconducting photoconductive
antenna. These free carriers interact with the oscillating elec-
tric field of the THz radiation causing them to accelerate, which
results in a current between the antenna electrodes. This cur-
rent can then be measured by the detector and the magnitude of
this current measured in nanoamps is proportional to the electric
field of the THz pulse [102, 103]. An example of a time-domain
terahertz waveform in a reflection configuration can be seen on
the left side of Figure 1.15 (red curve). When the photoconduc-
tive antenna carrier lifetime is much shorter than the terahertz
pulse, the waveform of the terahertz pulse can be sampled by
the gating action of the carrier lifetime. The detector measures
the photocurrent proportional to the electric field of the terahertz
radiation, this is called photoconductive sampling [102]. The
red curve shown on the left side of Figure 1.15 is obtained by
averaging the photocurrent by the time delay between the tera-
hertz pulses received by the detector and the optical pulses of the
probe beam [102]. A significant advantage from this technique
over other spectroscopic techniques is that by directly sampling
the pulse in the time domain, not only is the amplitude measured
but the phase information is also obtained by Fourier analysis of
the terahertz pulse [99,102]. The frequency domain spectrum can
be seen on the right side of Figure 1.15 (blue curve), which is ob-
tained after converting the time-domain pulse to the frequency

Final – 15 July 2019



§1.9 Specific Terahertz Challenges 23

domain using a Fourier transform.
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Figure 1.15: On the left is an example of terahertz time-domain pulse and
on the right is the result of the Fourier analysis of the pulse in the frequency
domain.

In order to make use of this measurement the sample spec-
trum must be normalized to the reference signal, Esam/Ere f , which
is taken without the sample under the same conditions in free
space [104]. This process yields the complex transfer function in
the frequency domain [99,104]. The time of a single scan is 50 ms
and to reduce the effects of random noise in the signal, averaging
over a series of repeated measurements, usually 1024, is done in
the time domain [99]. The dynamic range of the spectrometer is
typically 60 dB and the signal-to-noise ratio is variable depend-
ing on the specific properties of the sample.

1.9 Specific Terahertz Challenges

1.9.1 All-dielectric Perfect Absorber

The first functionality that will be the focus of this thesis are
perfect absorbers, which will be the underlying foundation for
efficient terahertz detectors. Some of the major challenges facing
efficient terahertz absorbers are that many of them are complex
3D structures with large substrates [3, 4, 105, 106] to attenuate
the terahertz radiation. Other common designs typically have a
metal ground plane to suppress transmission [2, 18–26, 107–110].
Ultimately, this should simplify performance because only reflec-
tion needs to be measured; however, this can cause challenges
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because making measurements in reflection mode in some spec-
trometer setups can be difficult. Furthermore, the ground plane
to suppress transmission can lead to unwanted reflection outside
of the operational resonance frequency. Currently, the metamate-
rials that can overcome both of these issues require very complex
3D fabrication that is not always possible at terahertz scales (mi-
crometers) [111].

In the terahertz regime, perfect absorbers are a critical in-
gredient needed to unlock all the potential technology of this
portion of the spectrum. Absorber applications have vast ex-
panse; such as, non-reflective coatings and in detectors. The ter-
ahertz part of the spectrum is still lacking in efficient detectors
and any detector necessitates the implementation of efficient ab-
sorbers. Typical metamaterial absorbers, presently, employ lay-
ered metal-dielectric designs that exploit a metal ground plane
to suppress transmission [2,18–26] or consist of patterned doped
silicon structures [3,4,105] on thick substrates. One drawback of
these schemes is that, at frequencies outside the absorption band
they possess very strong reflections. At microwave frequencies
this problem was recently overcome by making use of a racemic
mixture of chiral metallic particles depicted in Figure 1.16 to
achieve strong absorption without a metal backing layer [111].
A racemic mixture in this context is an array of the spiral ele-
ments arranged in such a way that there are equal amounts of
right- and left- handed elements.

This racemic mixture, while efficient, has several drawbacks at
the higher frequencies of terahertz and optical waves. The most
detrimental problem is in fabrication of the metallic spiral ele-
ments. Fabrication of 3-dimensional spirals such as those shown
in Figure 1.16 on the small scales required in the terahertz regime
would be extremely difficult to fabricate. There are techniques
to produce such structures, 2-photon polymerization (3-D print-
ing), for instance, but the process is very slow and would not
scale well to structures at lower frequencies like terahertz. How-
ever, one advantage in the terahertz regime, compared to optical
wavelengths, is that the terahertz domain offers a greater selec-
tion of dielectric materials because there are more materials with
high permittivity. That being the case, an impedance matched
Huygens’ metasurface [29, 59] was chosen to create a perfect ter-
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Figure 1.16: Top row depicts individual chiral elements of the racemic mix-
tures depicted in the bottom row. Changes in the geometric parameters of
the spiral elements influences the frequency of absorption without need for a
metallic ground plane to suppress transmission [111].

ahertz absorber, while also eliminating the need for a backing
metal ground plane. As mentioned in Chapter 1, the idea of
Huygens’ metasurfaces was used to separately achieve perfect
transmission and reflection; however, this concept was adapted
for this work to simultaneously suppress, not only reflection, but
also transmission at a desired frequency. This application of the
Huygens’ metasurface has several benefits: first, it allows for
greater control of the wavefronts. Second, the geometric struc-
tures of the metasurface are quite simple. Third, it eliminates the
need for a backing metal ground plane to suppress transmission.

In Chapter 2 the idea of an all-dielectric metasurface is exam-
ined in depth and applied to the terahertz regime in the form of
an all-dielectric perfectly absorbing metasurface. The motivation
for this work was to provide a foundation for an all-dielectric
metamaterial detector for terahertz waves at a chosen frequency
without the need for a metallic ground plane to suppress reflec-
tion. This metasurface employs the Huygens’ metasurface model
using all-dielectric cylinders as the Huygens’ sources suppress-
ing both transmission and reflection within the cylinders achiev-
ing nearly perfect absorption. All of this work was demonstrated
numerically using CST Microwave Studio software. The first step
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in this work shows that perfect absorption can be achieved with
a “theoretical” material and that the resonant absorption can be
achieved at any desired frequency by tuning the resonance by
simply changing the dimensions of the dielectric disks of the
metasurface. The second part of this work introduces two re-
alizable structures, silicon nitride and gallium selenide, using
actual material parameters for the disks taken from the literature
where near-perfect absorption was achieved by the disks in the
terahertz regime.

1.9.2 Chiral Metasurface for Large Optical Activity

The second functionality focused on in this work presented in
Chapter 3 concentrates on metasurfaces for large optical activity
(linear polarization rotation). Currently, many of the metama-
terials for polarization manipulation do not demonstrate strong
broadband polarization rotation or have strong associated losses
[112–114]. Moreover, large optical activity has not been demon-
strated at terahertz frequencies and for the structures outside of
the terahertz regime there has been little theoretical explanation
of these effects [74, 80, 115, 116].

Chiral metasurfaces have been shown to produce large opti-
cal activity at multiple frequencies from optical to microwaves.
However, designs that can be readily implemented at higher
frequencies are typically based on bi-layered metallic structures
with a dielectric spacer layer, as can be seen in the twisted crosses
in Panel e) of Figure 1.12 that demonstrate strong optical activ-
ity [74,80,89,117–127]. The metallic layered elements of the struc-
ture are typically treated as an array of dipoles, with the coupled
layers supporting symmetric and anti-symmetric modes. The in-
troduction of twist between the layers couples these modes and
leads to optical manifestations of chirality [89, 119, 122–125, 128–
130].

One of the primary disadvantages of these coupled metal-
lic dipole type structures is the unfavorable trade-off between
the strength of optical activity, transmission magnitude, and the
applicable operating bandwidth [115]. Ideally, a metasurface
would produce pure linear polarization rotation with low dis-
persion across the high transmission resonance. One way to
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Figure 1.17: Artistic rendition of the basic geometry of a chiral meta-atom
consisting of a metallic cross and its complement separated by a low-loss
dielectric layer [80].

achieve these conditions is to implement the Babinet principle,
which states that the diffraction pattern from a scattering ele-
ment will be equal to the scattering from an equivalent aperture
of the same dimensions [54,131,132]. This is achieved in practice
by replacing one of the elements with its Babinet complement,
twisted through some angle, and has been demonstrated in the
microwave frequency range [74, 80, 115]. An example of this ba-
sic meta-atom can be seen in Figure 1.17. Combining a meta-
atom with its Babinet complement; twisted through some angle,
leads to strong, non-resonant optical activity, in the vicinity of
the transmission resonance.

In Chapter 3 it will be demonstrated that by changing the ge-
ometry of the elements of a chiral metasurface, increasing the
complexity, the amount of polarization rotation or optical ac-
tivity can be increased. The concept of large broadband polar-
ization rotation has been demonstrated outside of the terahertz
regime [74, 80, 115, 116]. However, little has been done theoreti-
cally to show the causes of these observed effects. Additionally,
these effects have not been demonstrated using chiral metasur-
faces in the terahertz regime.

1.9.3 Large Angle Refracting Metasurfaces

As described in Section 1.1, metasurfaces are expected to be an
integrable platform in technology applications because of the
adaptability for different types of wave manipulation. Further-
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more, Sections 1.4 and 1.5 explained that the introduction of
the Huygens’ metasurface (HMS) was an important step because
the electric and magnetic dipole response impedance matching,
minimizes unwanted reflections. One of the key principles that
these platforms often rely on is the concept of anomalous refrac-
tion [133], whereby a gradient of the transmission phase leads to
additional refraction of the transmitted beam. These anomalous
refraction effects permit more complex functionalities of meta-
surfaces, such as lenses, wherein the anomalous refraction angle
is varied across the surface, causing all the energy to be focused
to a point. Therefore, a significant touchstone for metasurfaces is
those that exhibit uniform anomalous refraction. The Huygens’
metasurface approach has been quite successful; however, a care-
ful analysis of the electromagnetic boundary conditions [134] has
demonstrated that for a passive Huygens’ metasurface exhibit-
ing anomalous refraction, some degree of loss or spurious beam
generation is unavoidable.

Fundamentally, this drawback can be understood as a prob-
lem of impedance matching. A metasurface typically responds
to the tangential components of incident fields. For an incident
transverse electric polarized wave propagating at an angle θ rela-
tive to the surface normal, the ratio of tangential electric to mag-
netic fields is given by Zin = η0/ cos θin, where η0 =

√
µ0/ε0.

The transmitted wave also has an impedance Zout = η0/ cos θout;
however, for anomalous refraction the specific case of interest
is where θout 6= θin, hence Zout 6= Zin. Since a Huygens’ meta-
surface is by definition symmetric, it cannot simultaneously be
impedance matched to both the incoming and outgoing waves.

It was shown in References [135] and [98] that simultane-
ous impedance matching to the incident and transmitted waves
can be achieved with an asymmetric metasurface structure. In
contrast to the Huygens’ metasurface, such asymmetric struc-
tures cannot be fully characterized by their electric and magnetic
impedances or susceptibilities. An additional parameter must
be introduced, corresponding to the coupling between electric
and magnetic responses, known as the omega bianisotropy pa-
rameter. The resulting metasurfaces are known as omega-type
bianisotropic metasurfaces (O-BMS), and can be understood as
a generalization of the Huygens’ metasurface approach. It was
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shown in Reference [47], that the theoretically achievable effi-
ciency for the Huygens’ metasurface decreases drastically for re-
fraction angles above 55◦; whereas, the O-BMS can theoretically
achieve full efficiency for all angles of refraction. It is important
to note that the efficiency refers to the fraction of incident energy
which is transmitted at the desired angle. A portion of the re-
maining energy will be transmitted at unwanted angles, thus in
applications such as lenses it may degrade imaging performance.

The advantages of O-BMSs were demonstrated within the fra-
mework of the generalized sheet transition conditions [136], whe-
re the metasurface is modeled by continuous functions of po-
sition. However, in practice, this continuous function must be
implemented as a discrete array of metamaterial elements. Fur-
thermore, the response of these individual elements is typically
characterized within an infinite lattice of identical elements. Due
to coupling effects, their response may shift when placed in a
super-lattice of non-identical elements. These two effects lead
to additional performance degradation, which is not captured
within the idealized analytical models. Thus it remains an open
question as to whether or not O-BMSs show significantly en-
hanced performance in practice. To answer this question the
efficiency of these two metasurfaces (HMS and O-BMS) is com-
pared for two different refraction angles, 55◦ and 70◦; as well as,
some insight into the design methods that have been suggested
to create such metasurfaces.

1.10 Summary

The terahertz regime offers new technological possibilities in
sensing, communications, and imaging; however, there are still
challenges that need to be overcome. One of the most promising
platforms to address the difficulties is metamaterials and meta-
surfaces. These man-made structures provide new ways to cre-
ate, manipulate, and detect terahertz radiation. The first par-
ticular challenge that was investigated (Chapter 2) in this work
was designing an all-dielectric Huygens’ metasurface that will
perfectly absorb terahertz waves at a given frequency and is the
basic component of an efficient terahertz detector. The second
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challenge (Chapter 3) that was studied was to manipulate tera-
hertz waves and in particular involved three chiral metasurfaces
that produced progressively larger optical activity. These meta-
surfaces were then fabricated for experimental verification and
the mechanism that underlies the process was explained. The
third challenge (Chapter 4), the large angle refraction efficiency
of two types of metasurfaces, the Huygens’ metasurface and the
Omega-type bianisotropic metasurface, was compared to further
study methods for terahertz wave manipulation. The final re-
marks of this work (Chapter 5) will offer an overall conclusion
and future investigations that can expand on these investiga-
tions.
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Chapter 2

All-dielectric Huygens’ Metasurface
for Perfect Absorption

2.1 Introduction

The Huygens’ metasurface offers an optimal platform to create
a perfect terahertz absorber with a relatively simple geometry.
However, at the outset of this work the question of whether or
not a Huygens’ metasurface could be designed that would sup-
press both transmission and reflection of a terahertz wave at a
desired frequency was yet to be answered. There are many fac-
tors that need to be taken into account before the specific design
can be simulated.

The preliminary investigation determined what geometric and
dielectric parameters of the metasurface were required to achieve
perfect absorption. The absorbers were initially designed and
simulated while allowing for arbitrary material parameters to
demonstrate that a dielectric Huygens’ metasurface can indeed
suppress both reflection and transmission simultaneously. This
initial investigation also provided insight into the design process
and an idea of the material parameters necessary to achieve per-
fect absorption.

Showing that perfect terahertz absorption is possible is fine as
a first step but in order to create an actual detector for terahertz
radiation it must be shown that a Huygens’ metasurface can be
made with actual material parameters from the literature. There-
fore, as a final step in this work two real materials were chosen
and practical realizable absorbers with near perfect absorption
were designed. The first of these materials was crystalline quartz
and the second was gallium selenide.

31
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32 All-dielectric Huygens’ Metasurface for Perfect Absorption

Figure 2.1: Artistic rendition of a theoretical disk array with arbitrary ma-
terial parameters. The Huygens’ metasurface will consist of high index disks
embedded in a low index medium.

2.2 Perfect Absorber Design

The proposed structure consists of an array of sub-wavelength
dielectric cylinders embedded in a low-index medium, a portion
of which is shown in Figure 2.1. Typically a metasurface array
would consist of thousands of disks. A depiction of the unit cell
can be seen in Figure 2.2 (a) and (b). The geometric parame-
ters labeled in Figure 2.2 (a) and (b) were used to optimize the
structure. Figure 2.2 (a) shows the structure looking down the
incident z-axis, D represents the diameter of the disk and T is
the separation between adjacent disks in the array. Figure 2.2
(b) shows the side view of the unit cell looking along the x-axis,
where S is the distance from the front of the disk to the front
of the embedding material and H is the height of the disk, with
the wave propagating from left to right across the unit cell. The
Z parameter is another degree of freedom referring to the offset
of the resonators from the center of the embedding material. It
should be noted that during the initial part of this investigation
with no parameter constraints, the offset Z was set to zero dur-
ing all simulations. Finally, the total thickness of the structure
given by S + H.

The CST Microwave Studio software package was used to per-
form all simulations in this work. The simulations were all con-
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Figure 2.2: Panels (a) and (b) Schematic of the unit cell of the structure
with a diameter (D), height (H), shift of cylinder (Z), distance between adja-
cent cylinders (T), and distance from cylinder surface to embedding material
surface (S/2).

ducted while employing unit cell boundary conditions on the
x- and y-boundaries and open boundary conditions in the z-
direction. All simulations were done at normal incidence of the
default plane wave, which simulates the terahertz signal in the
frequency domain solver as described in Chapter 1 Section 1.7;
the effects of non-normal incidence will be addressed in one ex-
ample later in this section. An adaptive mesh refinement was
actively applied to the simulations, yielding about 20,000 tetra-
hedral cells per simulation on average.

Once the unit-cell is assembled in the CST software and the
simulation is run, the absorption spectrum is obtained over a
chosen, finite frequency range and calculated as follows

A = 1− T − R (2.1)

where A is the magnitude of the absorption, T is the transmitted
energy calculated from the scattering parameters as |S21|2, and R
is the reflected energy given by |S11|2.

The disks of the metasurface consist of finite height; these
disks support dipole magnetic and electric resonances as can be
seen in Figure 2.3. The field in Panel (a) shows the magnitude
of the electric dipole field |E| within the cross section of the disk
along the y-direction, similarly, Panel (b) shows the magnitude
of the magnetic dipole field |H|, where the vector k indicates the
direction of propagation in both cases. The spectral locations
can be controlled by modification of the aspect ratio of the disks,
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34 All-dielectric Huygens’ Metasurface for Perfect Absorption

Figure 2.3: The fields of the electric (a) and magnetic (b) dipole modes
within the cylinder for frequencies of approximately 0.75 THz and 0.80 THz
respectively, k indicates the direction of wave propagation down the z-axis
perpendicular to the plane of the disk face, for D = 200.0 µm, H = 60.03 µm,
S = 182.66 µm, and T = 34.5 µm, Z = 0. The red arrows show the maximum
of the fields confined within the disks.

AR = H/D, where H is the height and D is the diameter of the
disk [29]. Two of the most important advantages of dielectric
structures is that they offer larger prospects for material selec-
tion and evade the lossy behavior of plasmonic metamaterials.
Highly lossy materials can lead to difficulty in good impedance
matching, which occurs when the electric and dipole resonances
overlap spectrally. The geometric and material parameters of the
embedding material and disks were optimized so that the best
absorption was achieved by forcing this overlap of the structure
resonances. In the following section the electric permittivity is
not limited to any particular material, instead the material for
the disks was optimized to determine materials that would be
most suitable for perfect absorption.

The resulting absorption spectra are shown in Figure 2.4 for
different values of D, while keeping the values H =60.03 µm, S
=182.66 µm, and T =34.5 µm static. Considering the case where
D = 200 µm, distinct peaks can be seen corresponding to the elec-
tric and magnetic dipole modes. The goal then becomes to over-
lap the resonant absorption peaks and achieve the highest ab-
sorption possible. This process can be seen in Figure 2.4, which
shows spectra for different values of D. To better understand the
procedure and identify the resonances, the two lowest order res-
onances can be seen on the left of the bottom spectra for D = 200
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Figure 2.4: Absorption spectrum of the structures having different diam-
eter cylinders. The overlap of the electric and magnetic resonances within
the cylinder as the diameter of the cylinder changes while keeping the other
parameters of the structure constant. Each simulated absorption spectrum
is vertically displaced by 1 to clearly show the crossing of the resonances.
The maximum absorption of approximately 99.5% at a frequency of approx-
imately 1.01 THz, occurs when the electric and magnetic resonances overlap
at D = 138.5 µm. The shaded region contains higher order resonances which
are not considered here.

µm where the dipole resonances are separated and well defined.
The dipole fields for each of these resonances are plotted on a

cross-section of the unit cell in Figure 2.3 (a) and (b). Examining
the last spectra at the bottom of the plot in Figure 2.4, the lower
frequency resonance is the electric dipole resonance, correspond-
ing to the peak at 0.75 THz in Figure 2.4. The second resonance
peak just to the right of the electric dipole resonance at 0.80 THz
corresponds to the magnetic dipole. These resonances are then
tuned by changing the geometry of the structure to cause them
to overlap spectrally, achieving perfect absorption at a frequency
of about 1.01 THz. This tuning process is clearly shown here
by keeping all other parameters fixed and only changing the di-
ameter D from 80 µm to 200 µm in steps of 20 µm there is an
obvious overlap of the resonances when D = 140 µm at a fre-
quency of approximately 1.01 THz. The spectra in Figure 2.4 are
offset by adding 1 to the previous spectrum for clarity and the
shaded range indicates the higher-order resonances which are
not considered here.
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36 All-dielectric Huygens’ Metasurface for Perfect Absorption

The ability to tune these resonances to different frequencies
by simply changing the dimensions of the structure offers ben-
eficial characteristics for absorption that is spectrally selective
and therefore, has potential for detection and imaging applica-
tions. The absorption mechanism is a resonant effect where the
enhancement occurs within the cylinders due to strong field lo-
calization. This field confinement can be seen in Figure 2.5 where
the electric energy density has been plotted over the position of
the unit cell. Optimization of the structures is achieved when
critical coupling occurs between the radiation damping and the
internal dissipation within the disk are matched. Figure 2.5 (a)
shows the electric energy density within the cylinder for the case
in Figure 2.4 where D = 140 µm. Where k is the direction of wave
propagation and clearly in panel (a) the field is well contained
within the disk at peak absorption resonance at a frequency of
approximately 1.01 THz. Figure 2.5 (b) shows the electric energy
density off-peak absorption at a frequency of approximately 1.01
THz for the last curve in Figure 2.4 where D = 200 µm. This
large energy storage in and around the resonator is accompa-
nied by strong energy localization (meeting the critical coupling
condition) for materials with low losses.

Figure 2.4 demonstrates that there is a large amount of flexi-
bility in designing the electromagnetic response of the absorbing
metasurface. This is due to the large amount of control over the
spectral position of the electric and magnetic resonances. Once
structure parameters with high absorption were found the next
step was to perform numerical simulations to optimize the struc-
ture geometry to achieve the highest possible absorption. The
choice of embedding material becomes very important to ensure
that the field is confined in the disk and to prevent unwanted in-
teractions between the disk and embedding material. For these
reasons a material with a low index of refraction in the terahertz
regime was chosen and the final material selected was Polyte-
trafluoroethylene (PTFE or Teflon) [137, 138]. The values of the
embedding material parameters ε = 2.09 and a constant loss
tangent of tan δ = 0.007, where tan δ = ε′′/ε′ [137,138]. These di-
electric permittivity values were fixed throughout the optimiza-
tion processes discussed in the rest of this work and only the
geometric parameters of the structure were optimized to achieve
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Figure 2.5: Panel (a) shows the electric energy density within the cylinder at
peak absorption resonance, where k indicates the wave propagation direction.
The white lines indicate the position of the cylinders within the center of the
unit cell and outer embedding material. Panel (b) depicts the electric energy
density within the structure that is much lower within the cylinder off peak
resonance at a frequency of approximately 1.01 THz.

near-perfect absorption. The magnetic permeability for all mate-
rials in the simulations is set to a value of µ = 1. It should be
noted that normal incidence from the positive z-direction to the
negative was the only case considered in this work. The meta-
surface has near-perfect absorption of 0.995 with dimensions of,
height H = 60.03 µm and diameter, D = 140 µm as seen in Figure
2.4. From Figure 2.4 it is seen that the resonances can be manip-
ulated to overlap by changing the diameter D and this overlap
is possible due to the orthogonality of the electric and magnetic
dipole type modes.

Having a perfect absorbing metasurface at one frequency is
important but to truly take advantage of all the potential tech-
nological applications of perfect absorption one must be able to
tune this effect to any desired frequency within the terahertz
range. Therefore, the next step in this investigation was to deter-
mine whether or not the absorption resonance could be tuned to
any terahertz frequency in the range from 0.2 to 2.0 THz. This
was achieved by scaling the diameter and height of the disks
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Figure 2.6: Numerical demonstration of near-perfect absorption at various
frequencies within a wide frequency band by changing the properties of the
cylinders and surrounding structure. The aspect ratio of the cylinders is rela-
tively constant throughout this process with a value of approximately 0.5, the
corresponding parameters for each resonance are presented in Figure 2.7.

while keeping a nearly constant aspect ratio (AR) of approxi-
mately 0.5. The resonance frequency can also be shifted by slight
changes in the material parameters, as well as, the other geo-
metrical parameters. The results of this analysis can be seen in
Figure 2.6, which shows near-perfect absorption at multiple fre-
quencies in this range.

However, in this case the parameters for achieving perfect ab-
sorption are presented in Figure 2.7. Once initial values for the
geometry were determined and the absorption was more than
95% the optimization algorithms of the CST software were em-
ployed to push the absorption as close to 1.0 as possible by slight
tweaks of the geometrical parameters of the disks. The permit-
tivity of the cylinders was fixed at a value of 7.405 with a con-
stant loss tangent of 0.032. The diameter and the height of the
cylinders at each of the peak frequencies is shown in Figure 2.7
(a).

The diameter (red dots) and the height (blue triangles) of the
disks decreases as the peak absorption frequency is increased to
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Figure 2.7: a) For each peak in Figure 2.6 the height (blue triangles) and
diameter (red dots) of the disk are shown. As expected, the diameter and
height clearly decrease for these specific disk material properties; however,
the aspect ratio remains fairly constant at approximately 0.5. Panel b) Shows
the real (green dots) and imaginary (black triangles) parts of the dielectric per-
mittivity of the cylinders at each peak absorption frequency in Figure 2.6. The
optimal values of ε′ and ε′′ are essentially the same for all targeted absorption
frequencies.

higher frequencies. This is expected because at higher frequency
and smaller wavelength one would expect the size of the struc-
tures to also decrease. Panel (b) shows the real (ε′, green dots)
and imaginary (ε′′, black triangles) parts of the dielectric per-
mittivity of the disks. As previously mentioned, the properties
of the structure were optimized in the CST Microwave Studio
simulations and the geometric parameters of the structure were
changed to achieve perfect absorption. However, the real and
imaginary parts of the permittivity remain essentially the same.

The above optimizations were all performed with Z = 0; how-
ever, the displacement of the disk relative to the surrounding di-
electric layer (denoted Z in Figure 2.2) was found to be another
useful degree of freedom that could be modified to achieve per-
fect absorption. A more in depth description how the position
of the disk within the embedding material was used, will be dis-
cussed in Section 2.3.1.
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One of the main goals in creating a perfect terahertz absorber
would be to employ this metasurface in an actual terahertz de-
tector. In a realistic absorber it is fair to assume that the ter-
ahertz waves would have non-normal incidence, depending on
the application. In terahertz spectroscopy in a lab setting, typ-
ically great pains are undertaken to ensure that the terahertz
beam is highly focused and normally incident on the sample
under investigation. However, in reality, there will always be mi-
nor aberrations and in a field setting these effects have a higher
probability of occurring. Therefore, a brief look at the perfor-
mance of the ideal metasurface at the operational frequency of
1.8 THz depicted in Figure 2.6 was conducted for a sweep of
angles from 0.0◦ (normal incidence) to 85.0◦. The results of this
variable sweep are shown in Figure 2.8.
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Figure 2.8: Absorption for metasurface with an operational frequency of 1.8
THz depicted in Figure 2.6. Blue dots show the absorption at each angle of
the sweep from 0◦ (normal incidence) to 85.0◦. Near perfect absorption of
0.998 at normal incidence, remaining relatively steady with an absorption at
more than 0.5 before dropping off significantly above 80◦.

The absorption at each incidence angle is shown by the blue dots
in five degree increments starting from normal incidence at 0◦

where the metasurface has near perfect absorption of 0.998. As
the angle of incidence is increased there is a clear decrease in
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efficiency of the metasurface. However, the metasurface demon-
strates a fairly steady absorption of at least 0.5 until approxi-
mately 80◦. These data demonstrate that even in the case of non-
ideal incidence, the metasurface has the ability to absorb slightly
more than half of the incident radiation, which could be useful
in an actual realized system.

2.3 Realizable Systems

The results of Section 2.2 showed that with carefully chosen ge-
ometry and dielectric constant of the cylinder, perfect absorption
can be achieved for arbitrary frequencies. Since the dielectric
constant of most materials cannot be controlled in an arbitrary
manner, it is now investigated whether good absorption can still
be achieved with realistic materials. There were two promising
disk materials that were found to yield encouraging results for
perfect absorption based on published material data. However,
because of a lack of material data in the terahertz regime some
of the best candidates for dielectric materials were crystals with
anisotropic properties. In spite of this drawback these character-
istics were taken into account in the CST simulations in order to
make the results as accurate as possible. The anisotropic prop-
erties of the materials greatly increased the complexity of the
simulations but these intricacies did not degrade the absorber
performance.

2.3.1 Crystalline Quartz

Crystalline Quartz is the first material explored for near-perfect
absorption. This material has a relatively weak absorption re-
sponse in the terahertz regime; therefore a narrow absorption
band and a high Q-factor was expected. The c-axis of the crystal
was oriented parallel to the cylinder axis as seen in Figure 2.9.
The image on the left is the organized molecular structure of
crystalline quartz and on the right is a schematic of the grown
crystal with the c-axis (optical axis) labeled. Crystalline quartz
is an anisotropic (or birefringent) crystal meaning that an elec-
tromagnetic wave will experience different indexes of refraction
depending on the direction of the electric field. In order to
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42 All-dielectric Huygens’ Metasurface for Perfect Absorption

Figure 2.9: Image on left shows the molecular structure of crystalline quartz
(SiO2). Image on right is an artistic rendering of the grown crystal structure
with c-axis labeled as vertically through the center of the crystal.

better understand how the waves interact with the crystal it is
also useful to mention what ordinary and extraordinary waves
are because they are quite often found in literature when dis-
cussing birefringence and determining the proper permittivity
values used in the simulations. The ordinary rays refer to waves
with polarization components perpendicular to the optical c-axis
of the crystal and the extraordinary rays refer to waves with po-
larization components parallel to the optical axis of the crystal.

The electric permittivity values for both the ordinary and ex-
traordinary waves used in the CST simulations for the crystalline

Frequency (THz) Extraordinary Ray Ordinary Ray
ε′ ε′′ ε′ ε′′

0.25 4.436 0.0004 4.634 0.0004
0.50 4.439 0.0006 4.638 0.0003
0.75 4.442 0.0009 4.642 0.0005
1.0 4.446 0.0011 4.646 0.0006
1.25 4.450 0.0018 4.655 0.0012
1.50 4.456 0.0024 4.702 0.0016
1.75 4.464 0.0032 4.668 0.0021
2.0 4.472 0.0032 4.676 0.0018

Table 2.1: Real and imaginary values of the permittivity used in CST simu-
lations of the crystalline quartz disks in Chapter 2 Section 2.3.1.
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quartz crystals were estimated from the data in Figure 5 of Ref.
[139] and are shown in Table 2.1 [140]. These values were en-
tered as a user defined dielectric dispersion fit for the material
parameters of the simulated disks.

Using these parameters near-perfect absorption of 0.998 at a
frequency of 0.917 THz was achieved. The aspect ratio of the
disks was 0.54 with a diameter, D = 150.0 µm. The geometric
parameters of the embedding material were T = 72.95 µm for
the separation between adjacent disks and S = 120.85 µm. The
blue curve in Figure 2.10 (a) shows the near-perfect absorption
of the crystalline quartz metasurface. Investigation of the ef-
fects of potential fabrication inaccuracies, the red dashed-dotted
curve shows a plus 10% and the green dashed curve represents
a minus 10% change in the diameter of the disks. This analysis
demonstrates that even when deviating from the optimal
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Figure 2.10: a) The blue curve shows the simulation results of the absorption
of the crystalline quartz metasurface, with near-perfect absorption of 0.998 at
0.917 THz. The red dashed-dotted and green dashed curves show the effects
of ± 10% change in the diameter of the disks due to potential fabrication
inaccuracies respectively. b) The transmission (blue curve) shows that off res-
onance there is high transmission with low reflection (red curve) throughout
the frequency range of the simulations.
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geometric parameters, strong absorption is still achieved (> 90%);
however, the absorption frequency is shifted. Panel (b) in Fig-
ure 2.10 shows that the near-perfect absorption is accompanied
by relatively high transmission, > 90%, to the left and right of
resonance shown in the center solid-blue curve, this high trans-
mission extends throughout the range 0.1 to 1.1 THz. The high
transmission is also accompanied by relatively low reflection thro-
ughout the plotted frequency range off resonance. One impor-
tant thing to note is that to achieve perfect absorption for the
crystalline quartz metasurface, the offset of the disks relative to
the surrounding dielectric (denoted Z in Figure 2.2) must be non-
zero. To further illustrate how the variable Z was used, the pa-
rameter values needed to achieve the perfect absorption seen in
Figure 2.10 were fixed and a CST simulation parameter sweep
was conducted over seven different values of Z. The results of
the parameter sweep can be seen in Figure 2.11 where each spec-
tra have been offset by adding 1 to each spectra for clarity. The
black dashed lines show perfect absorption at 1.0 and for no shift
(Z = 0) the absorption is rather low but as the disk is moved
within the embedding material the absorption is increased and
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Figure 2.11: Absorption spectra for the SiO2 metasurface with different shifts
of the parameter Z while keeping all other parameters fixed. The spectra have
been offset by adding 1.0 to each for clarity. Perfect absorption was achieved
when the disk was shifted toward the back of the embedding material by -29.8
µm as seen in the bottom spectra.
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decreased as the resonance is moved. Although each of these
peaks can be adjusted using the other geometric parameters it
was not possible to achieve near perfect absorption. However,
when the disk was moved to the back of the embedding material
by -29.8 µm the absorption was more than 99.5% as seen by the
last curve in Figure 2.11.

This asymmetry changes the ratio of electric and magnetic res-
onances within the disks and can be interpreted as introducing
slight bianisotropy, which can be utilized to improve absorber
performance [141]. The price of this perfect absorption using this
shift in the wave propagation direction is that perfect absorption
will only occur for waves incident from one side of the meta-
surface; although, transmission is zero in both directions due to
reciprocity.

2.3.2 Gallium Selenide

The next material that was selected was Gallium Selenide (GaSe).
This material was selected because: 1. it has fairly well estab-
lished material parameters in the terahertz regime. 2. GaSe also
has higher absorption in the terahertz range with a higher aver-
age permittivity than both crystalline quartz and the theoretical
material that was presented in Section 2.2. The higher absorption
means that the absorption resonances are expected to be much
broader than those of the crystalline quartz. However, similar
to crystalline quartz GaSe is also an anisotropic crystal, mean-
ing that the permittivity for both the ordinary and extraordinary
waves must be determined in order to properly simulate the ma-
terial properties of the disks in the metasurface. The values of
the permittivity for the ordinary wave were calculated based on
the data presented in Figure 2 of Reference [142], the table of the
values used in the CST simulation can be seen in Table 2.2. The
measured values for the extraordinary waves used in the simu-
lations of the GaSe disks were estimated based on the values in
References [143] and [144].

Near-perfect absorption was achieved for the GaSe metasur-
face after optimization in the CST simulations and can been seen
in the blue curve in Figure 2.12 (a). Panel (a) shows the absorp-
tion (Abs), reflection (Ref), and the transmission (Trans). This
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Frequency (THz) Extraordinary Ray Ordinary Ray
ε′ ε′′ ε′ ε′′

0.40 6.24 0.40 10.53 2.97
0.45 6.24 0.37 10.54 2.84
0.50 6.25 0.33 10.68 2.62
0.55 6.25 0.31 10.94 2.48
0.60 6.25 0.28 11.20 2.36
0.65 6.25 0.26 11.49 2.31
0.70 6.25 0.24 11.73 2.39
0.75 6.25 0.23 11.90 2.50
0.80 6.25 0.22 11.86 2.51
0.85 6.25 0.21 11.88 2.36
0.90 6.25 0.20 12.04 2.17
0.95 6.25 0.19 12.20 2.07
1.00 6.25 0.18 12.35 2.02
1.05 6.25 0.20 12.43 2.01
1.10 6.25 0.17 12.50 2.00
1.15 6.25 0.17 12.50 2.03
1.20 6.25 0.16 12.42 2.06

Table 2.2: Real and imaginary values of the permittivity used in CST simu-
lations of the GaSe disks in Chapter 2 Section 2.3.2.

near-perfect absorption was due to impedance matching of the
dipole resonance within our GaSe metasurface. Absorption of
0.996 was reached at a terahertz frequency of 0.701. The disks of
the metasurface had an aspect ratio of 0.789, with a diameter of
D = 186.0 µm. It is interesting to note that unlike the crystalline
quartz metasurface, the GaSe metasurface has fairly low trans-
mission (red dotted-dashed curve) and reflection (green dashed
curve) off resonance, as seen in Figure 2.12 (a). It is also worth
noting that it was necessary to shift the disks by 30.47 µm toward
the front of the embedding material relative to the surrounding
dielectric using the offset parameter denoted Z in Figure 2.2.
This was in order to overlap the dipole resonances and achieve
high absorption within the GaSe disks. The values for T and S
were 39.7 and 96.6 µm respectively. Figure 2.12 (b) shows the ef-
fects of inaccuracies in fabrication. The red dashed-dotted curve
represents a plus 10% and the green dashed curve represents a
minus 10% change in the diameter of the disks. Clearly, the GaSe
metasurface is more resistant to fabrication inaccuracies than the
crystalline quartz metasurface because very strong absorption is
still achieved (> 96.0%) even with these variations in disk diam-
eter.
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Figure 2.12: (a) The optimization of the dipole resonances of GaSe disks
achieves an absorption of 0.996 at a frequency of 0.701 THz with the reflec-
tion (red dashed-dotted) and transmission (green dashed). Panel (b) the blue
solid curve is the zoomed in image of the first peak in panel (a), the red
dashed-dotted and green dashed curves show the effects of changing the disk
diameter by a factor of +10% and -10% respectively.

This is because GaSe has stronger absorption; therefore, when
achieving critical coupling, there is a lower Q structure which
has a broader absoprtion bandwidth that is less sensitive to pa-
rameter variations. These higher absorption characteristics have
another unexpected effect on the absorption. In Figure 2.12 (a),
there are obviously higher order absorption resonances present
around 0.95 THz. The inherent absorption properties of the disk
material play a role in the ability to achieve perfect absorption
and based on experience with this process there appears to be
lower and upper limits. Based on the preliminary work of this
study there are materials that have too low or high an intrinsic
absorption to achieve perfect absorption but there was no clear
pattern to the relationship. It was found that if the material losses
are too high the dipole resonances of the disk are not simultane-
ously supported and will not overlap, meaning perfect absorp-
tion becomes unachievable. Similarly, if the inherent absorption
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is too low the dipole resonances become too narrow and trans-
mission and reflection cannot be simultaneously suppressed. In
order to determine the actual relationship a significant amount
of different materials would need to be analyzed and this will be
commented on, later in Section 5.2.1.

Resonances of higher order have also been shown to achieve
impedance matching by interfering with each other [70], simi-
lar to the dipole resonances. Next it will be demonstrated how
the higher order resonances to the right of 0.95 THz, shown in
Figure 2.12 (a) were also able to be optimized to achieve near-
perfect absorption. In order to achieve this perfect absorption
with the higher order resonances the geometry of the structure
needed to be altered and re-optimized, as will be demonstrated.
Figure 2.13 (a) shows the absorption over an extended frequency
range (blue curve) to show the behavior of the metasurface off-
resonance and that near perfect absorption (0.999) was found at
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Figure 2.13: (a) The optimization of the higher order resonances of GaSe
disks achieves an absorption of 0.999 at a frequency of 0.89 THz with the
reflection (red dashed-dotted) and transmission (green dashed). Panel (b)
The blue solid curve is the zoomed in image of the second peak in panel (a),
the red dashed-dotted and green dashed curves show the effects of changing
the disk diameter by a factor of +10% and -10% respectively.
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0.89 THz. The re-optimized geometric parameters of the struc-
ture for perfect absorption were D = 114.07 µm, H = 141.2 µm, S
= 124.4 µm, and T = 121.7 µm. Unlike the first resonance of the
metasurface the transmission (red dotted-dashed curve) is not as
low throughout the entire frequency range as it is for the first
resonance but the reflection (green dashed curve) still remains
relatively low off resonance. It is also interesting to note that
this near perfect absorption was achieved for Z = 0 unlike with
the dipole resonances in GaSe and crystalline quartz metasur-
faces; therefore, there is no bianisotropy and the structure can
act as a bi-directional absorber. The second resonance of the
GaSe metasurface also has added robustness to fabrication er-
rors as is shown in Figure 2.13 (b), which is a zoomed in image
of the central absorption peak in 2.13 (a). The red dashed-dotted
curve represents a +10% and the green dashed curve represents
a −10% change in the diameter of the disks and the absorption
is still near-perfect > 99.5%.

2.3.3 Potential Fabrication Challenges

When considering these two materials, there are some potential
issues regarding fabrication that should be taken into account.
For each of these materials it should be noted that the dielectric
properties of both materials have a strong dependence on the
quality of the crystal structures produced. However, as has been
shown, the simplicity of the structure is quite robust against fab-
rication inaccuracies. This means that after characterization of
the crystal available the geometry could be optimized further to
ensure perfect absorption before fabrication of the metasurface.

2.4 Summary

In this work we have proposed and simulated all-dielectric ab-
sorbers based on dielectric disks embedded in a low index medi-
um. These structures employ impedance matching of a Huy-
gens’ metasurface by overlapping the electric and magnetic reso-
nances within the disks to achieve near-perfect absorption in the
terahertz portion of the electromagnetic spectrum. It has been
demonstrated that with small changes to the disk materials in
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the metasurface and dimensions of the embedding material, the
frequency of perfect absorption can be tuned throughout the ter-
ahertz region.

It was determined that near-perfect absorption is achievable
with two different materials that could be used to fabricate the
disks using dielectric parameters found in the current literature.
It was shown that crystalline quartz could be used for creat-
ing relatively narrow absorption resonances, while GaSe meta-
surface structures can produce broadband bi-directional absorp-
tion. Both of the materials presented have anisotropic proper-
ties; therefore, the approach can be applied to both isotropic and
anisotropic materials. These metasurface structures have wide
ranges of possible applications in detectors or imaging of tera-
hertz radiation while eliminating the drawbacks of metallic de-
vices and complex fabrication.

As a final note, a follow up to the simulated absorbers dis-
cussed in this chapter was conducted in a group led by Dr.
Willie Padilla at Duke University, U.S.A., where absorbing disks
were fabricated using high resistivity silicon on a low index sub-
strate in the terahertz regime [145]. These metasurfaces were
then shown to have near perfect absorption at 1.0 THz [145].
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Chapter 3

Large Optical Activity with Chiral
Metasurfaces

3.1 Introduction - Linear Polarization Rotation

Chiral metasurfaces consisting of a metallic cross coupled to its
Babinet complement with an additional twist rotation have been
shown to produce large optical activity.

Large optical activity refers to the size of the angle that the
plane of polarization is rotated through when compared to the
rotation caused by a natural optically active material. For ex-
ample, in the visible spectral range crystalline quartz has a ro-
tary power of about 20◦/mm, cinnibar 600◦/mm, and cholesteric
liquid crystals 103◦/mm [123]. When these rotary powers are
compared to man-made chiral structures per sample thickness
of one wavelength, a bi-layered chiral structure can rotate the
plane of polarization five times stronger than crystalline quartz,
four times stronger than cinnibar, and three times more than
cholesteric liquid crystals [123]. Previous works using chiral
metamaterials have achieved an increase in optical activity by
increasing the thickness of the dielectric spacer between the pat-
terned metal layers. It is demonstrated in this work that another
method for increasing the optical activity is to simply change the
geometry of the structure, which has the advantage of keeping
the thickness of the metamaterial very thin. This was done by in-
creasing the complexity of the structures starting with the basic
cross structure as shown in Figure 1.17. Two other geometries
were chosen and each of these structures was simulated, then all
of the structures were fabricated and experimentally measured
for comparison with the simulated results. These metamaterials
have the particular characteristic that the optical activity is weak-
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ly dispersive around the transmission maxima and highly dis-
persive around the transmission minima. This unique response
in the optical activity, although important, has largely gone un-
explained. This work will also present a detailed explanation for
this phenomenon.

3.2 Theoretical Background

3.2.1 The Quantities of Interest

The quantities of interest for the theoretical and experimental
analysis of this work are the transmission T, optical activity Φ,
and ellipticity angle η of the terahertz signal. Furthermore, the
concept of circular dichroism will be introduced because it is
an important part of the theoretical explanations. Ideally, the
structures will have high transmission, low ellipticity angle, and
large dispersionless optical activity at the operational frequen-
cy. The measured transmission coefficients for the linear polar-
ization are the normalized signals of Txx, Tyy, Txy, and Tyx, the
full measurement procedure will be described in detail in Sec-
tion 3.5. From these quantities, obtained through simulation and
terahertz time-domain spectroscopy (THz-TDS), we are able to
calculate the transmission for the right and left circular polariza-
tions, given in References [80, 121] with slightly modified nota-
tion as

T++ =
1
2
[Txx + Tyy + i(Txy − Tyx)] (3.1)

and
T−− =

1
2
[Txx + Tyy − i(Txy − Tyx)]. (3.2)

The ++ and −− indicate the RCP and LCP waves respectively.
Based on the previous results, the ellipticity angle of the trans-
mitted wave (assuming an incident linearly polarized wave), also
obtained from References [80, 121], can be calculated as

η =
1
2

arctan
[
|T++|2− |T−−|2
|T++|2 + |T−−|2

]
. (3.3)

The ellipticity angle is the amount of dispersion from perfect-
ly linear polarization into other angles as shown in Figure 3.1,
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Φ

η

Ey

Ex

Figure 3.1: Polarization ellipse where the red lines indicate the main axes
of the ellipse. The major axis is the rotated linear plane of polarization. The
ellipticity angle η defines the amount of dispersion into the other polarization
components (Ex and Ey) in green. Finally, the angle Φ is the amount of optical
activity of the system.

where the ellipticity angle is labeled η. The red lines indicate the
rotated axes of system, where the major axis is the desired linear
plane of polarization. The Ey component (in green) is the initial
linear polarization. The minor axis of the ellipse, also in red, is
the amount of dispersion into other components. This dispersion
is undesired and pure linear polarization rotation would have ze-
ro components on the minor axis. The magnitude of the angle
η, is the ellipticity angle of the rotated system defined as the an-
gle between the blue line and the major axis of the polarization
ellipse. Finally, the angle Φ is the amount of optical activity or
the angle of rotation from the linear vertical polarization to the
major axis of the polarization ellipse. The angle Φ is calculated
as follows
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Φ =
1
2

arg
T++

T−−
. (3.4)

In Equation 3.4 “arg” is the argument or phase of the quotient
of the complex RCP and LCP transmission coefficients.

In order to understand the processes of how the relatively ba-
sic structure shown in Figure 1.17 produces strong optical ac-
tivity one must delve deeper into the analysis of optical activity
itself. This includes breaking the problem down into its con-
stituent pieces described by the Kramers-Kronig relations and
Blaschke phase terms. However, that one may fully follow the
arguments presented in the following subsections the concept of
circular dichroism needs to be addressed. Circular dichroism is
a critical piece of the puzzle in regards to the large optical ac-
tivity observed by the chiral metasurfaces under investigation.
In a chiral structure with losses there will typically be different
amounts of absorption between the RCP and LCP waves, which
is the definition of circular dichroism. This effect manifests it-
self in differences in transmission amplitude between the RCP
and LCP spectra. In low-loss structures, such as the ones herein,
these differences in transmission are slight with the most signif-
icant differences occurring near the transmission minima. These
details are crucial to the understanding of the discussion set out
in the remainder of this chapter.

3.2.2 The Kramers-Kronig Relations

A fundamental concept for many physical phenomena are the
Kramers-Kronig relations that act as a bridge between the real
and imaginary parts of an analytic complex function [116, 146].
Some common uses for the Kramers-Kronig relations are in re-
flectivity analysis, index of refraction calculations, and dielectric
functions [146]. These relations can also link the logarithm of
the complex transmission coefficient to the frequency dependent
phase as [116]

ln |T(ω)| = − 1
π

P
∫ ∞

−∞

Ψ(ω′)dω′

ω′ −ω
(3.5)

where, T(ω) is the frequency dependent transmission coefficient.
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Ψ is the phase of the transmitted wave, which is an analytic
function of the complex frequency. P represents the Principal
Cauchy value of the integral over an infinite frequency range ω′.
Once the calculated or measured transmission coefficients are
obtained, the Kramers-Kronig relations predict that the optical
activity will have the value Φ̂KK,

Φ̂KK(ω) =
ω

π
P
∫ ∞

0
ln
∣∣∣∣T++(ω′)

T−−(ω′)

∣∣∣∣ dω′

ω′2−ω2 , (3.6)

based on the assumption that the integrand is an analytical func-
tion. However, this assumption is violated if |T++(ω′)| = 0 or
|T−−(ω′)| = 0 for any complex ω′ in the upper half of the com-
plex plane using the time convention t(ω) = |t(ω)| exp[iΨ(ω)]
[116]. In such cases, the optical activity must be supplement-
ed with an additional Blaschke phase term ΦB. This additional
Blaschke phase term is a series [116] given by

ΦB =
1
2

n+

∑
i=1

arg
(

ω−ω+i

ω−ω∗+i

)
− 1

2

n−

∑
i=1

arg
(

ω−ω−i

ω−ω∗−i

)
, (3.7)

where ω±i are the complex frequencies of the zeros in transmis-
sion for each circular polarization, satisfying |T++(ω+i)| = 0 and
|T−−(ω−i)| = 0. The symbol ∗ indicates complex conjugation.
The upper limits on the summations, n±, are the number of terms
in the Blaschke phase for each polarization.

In practice, ΦKK must be calculated from simulated or mea-
sured data obtained over a finite bandwidth. This means that
the obtained value of ΦKK is only an estimate, hence the corre-
sponding total optical activity is denoted ΦE to indicate that it is
an estimate of Φ:

ΦE = Φ̂KK(ω)−ΦB. (3.8)

In the limiting case that Equation (3.6) is calculated over an infi-
nite frequency range, ΦE should converge to Φ.

In the case of lossless media with rotational symmetry
CN, (N > 2), |T++(ω)| = |T−−(ω)|, and from Equation (3.6) this
leads to Φ̂KK(ω) = 0. The particular structures investigated here-
in have C4 symmetry. In such cases, only the Blaschke phase
contributes to the optical activity, and in the low-loss structures
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considered here, it is expected to be dominant. Therefore, struc-
tural variations that change the location and magnitude of these
Blaschke phase contributions will lead to significant changes of
the optical activity.

It was recently shown that the optical activity resonances in
low-loss structures can be thoroughly explained by the appear-
ance of Blaschke phase terms for only one circular polariza-
tion [115]. These Blaschke phase terms were introduced as cor-
rection terms required when using the Kramers-Kronig relations
between the optical activity and circular dichroism spectra [116].
These extra terms can naturally be understood in the limit of a
lossless structure, where circular dichroism goes to zero; howev-
er, the optical activity remains finite. Since the Kramers-Kronig
relations anticipate zero optical activity in the case of a lossless
structure, the Blaschke terms should therefore account for the
finite optical activity.

In this chapter it is demonstrated that large polarization rota-
tion can also be achieved, and increased, not by changing the
thickness of the dielectric layer, but instead, by changing the
geometry of the structures themselves. Three bi-layer metallic
structures were fabricated and tested both experimentally and
numerically in the terahertz regime. The structures will be re-
ferred to as the crosses, arrows, and arcs; microscope images of
the fabricated structures can be seen in Figure 3.2 (a,b,c), (d,e,f),
and (g,h,i) respectively. A full description of the fabrication pro-
cess is presented in Section 3.4. Furthermore, a numerical analy-
sis of the structures using CST Microwave Studio is presented to
show that by changing the geometry of the structure the complex
zeros in the transmission can be moved to increase the polariza-
tion rotation. Then it is established that the Kramers-Kronig re-
lations for the numerical circular dichroism and optical activity
are in agreement when the Blaschke phase terms are account-
ed for as was shown in Reference [116]. Finally, an analysis of
the contributions to the optical activity from the Blaschke phase
terms, as well as, the Kramers-Kronig relations for each structure
is conferred.
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Figure 3.2: Panels (a,b) show microscope pictures of the two sides of the
unit cell of the cross structure, panels (d,e) the two sides of the arrows struc-
ture, and panels (g,h) the two sides of the arcs structure. It can be seen that
the two structures are not perfect complementary structures of one another
due to fabrication errors. The red-rectangles in Panel (h) indicate the “bleed-
ing together" of the complementary patterns, which contributed to significant
fluctuations in the terahertz signal. Panels (c,f,i) show a portion of the lattice
for each structure [1].

3.3 Control of Blaschke Phase with Metasurface Ge-
ometry

The three structures were designed to investigate how the opti-
cal activity and Blaschke phase are connected and their evolution
with respect to changes in geometry. The first design is a meta-
surface of simple crosses and their complements, separated by a
dielectric layer, as shown in Figure 3.2 (a,b,c). Implementing a
minor change in the structure complexity, the second structure
consists of an array of crossed double-sided arrows and their
complements, Figure 3.2 (d,e,f). In the final structure the ar-
rowheads were replaced with circular arcs as seen in, Figure 3.2
(g,h,i). The structures were all designed to yield high transmis-
sion and all dimensions were optimized to achieve this at the
second resonance of the structure. The second resonance was
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Structure Fig. 1 Ref. Length (µm) Width (µm)
Ideal Crosses 153.6 6.6
Crosses L1, W2 153.6 6.6
Comp. Crosses L3, W4 159.2 11.6
Ideal Arrows 99.0 6.0
Arrows L5, W6 105.0 5.5
Comp. Arrows L7, W8 106.8 8.8
Ideal Arcs 89.7 12.9
Arcs L9, W10 86.0 11.0
Comp. Arcs L11, W12 87.5 12.0
Gold Thickness 0.2
BCB Thickness 6.0

Table 3.1: Dimensions of the fabricated layers (element and complement)
pictured in Figure 3.2 and the ideal simulated structures used in the numerical
analysis. Ideally, the dimensions of the two layers would be identical.

chosen because it showed the highest, flattest, optical activity
and the lowest dispersion. These particular metasurface designs
were selected to provide a low ellipticity angle and most signifi-
cantly large optical activity with the maximum transmission.

The dimensions of the structures, labeled in Figure 3.2 were
measured and are given in Table 3.1; also provided, are the struc-
ture’s ideal dimensions as the designs specify. The gold layer
thicknesses in the designs for each structure was 0.2 µm. Each of
the structures has a layer of benzocyclobutene (BCB) separating
the gold layers in all of the structures, each structure also has an
additional top and bottom layer of BCB to embed the structure
for protection during fabrication, each layer of BCB is approxi-
mately 6 µm. Due to imperfections in the fabrication process the
dimensions between the elements and their complements dif-
fered slightly, ideally, the single elements would have identical
dimensions to their complements. However, the ideal dimen-
sions from Table 3.1 were used for the simulations performed in
this section.

For each structure, numerically simulated transmission spec-
tra are presented on a dB scale in Figure 3.3 (a)(d)(g), for both
RCP (black) and LCP (red). The left and right-handed spec-
tra are observed to be nearly identical, except in the vicinity
of transmission minima. In Figure 3.3 (b)(e)(h) the associated
optical activity is shown by the black curves for each structure.
The reconstructed optical activity (ΦE) is shown in red, which
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Figure 3.3: Panels (a), (d), and (g) show the transmission on a dB scale for
each structure. The black curves show the T++ modes and the red curves
show the T−− modes. Panels (b), (e), and (h) show the optical activity (Φ,
black curves) and the red curves (ΦE = Φ̂KK - ΦB) show the fitted curves
composed of the Kramers-Kronig and Blaschke phase terms. Finally, panels
(c), (f), and (i) show the ΦB+1 term (black curves) for the T++ mode, the red
curves show the ΦB−1 term for the T−− mode, and the blue curve in panel
(i) shows the ΦB+2 term for the second Blaschke term in the T++ mode of
the arcs structure. The green curves show the contribution from the Kramers-
Kronig relations in each structure [1].

includes both terms from the right hand side of Equation (3.8)
for purposes of comparison between the structures. The inte-
gral of the Kramers-Kronig relations, in Equation (3.6), was nu-
merically computed over the frequency range of the simulated
results. However, this integral contains a singularity when the
frequency of the transmission zero coincides with that particular
frequency value in the range of the limits of integration. In or-
der to account for this singular point and avoiding the value of
the integral exploding, this region of the principal-value integral
was subtracted and handled analytically, according to the pro-
cess presented in References [147] and [148]. The Blaschke terms
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were manually fitted by slightly adjusting the value of the imag-
inary frequency to achieve good agreement with the calculated
optical activity (Φ). The value of the real part of the frequen-
cy was taken at the minimum of the corresponding transmission
spectra and the imaginary part was then adjusted accordingly
until the curves were approximated by eye to have good match-
ing. The optical activity decompositions are shown separately
in Figure 3.3 (c)(f)(i) from each Blaschke phase term in Equa-
tion (3.7) and the Kramers-Kronig term from Equation (3.6). The
black curve shows the first term in the right circular polarization
of the Blaschke phase (ΦB+1), the blue curve shows the second
term for this polarization (ΦB+2) (Note: within our frequency
range, the second Blaschke term for the RCP, only occurs in the
arc structure). The red curve shows the first term in the LCP
(ΦB−1). The final contribution to the reconstructed optical activi-
ty shown in Figure 3.3 (b)(e)(h) (red) is the Φ̂KK, which is shown
by the green curve in Figure 3.3 (c)(f)(i).

It can be seen by inspecting Figure 3.3 (c)(f)(i), that the Φ̂KK

contribution, relating the Kramers-Kronig transformation to the
circular dichroism, contributes the least to the amount of optical
activity in all the structures. Stronger local currents and fields are
expected near the resonances of the structures; therefore, larger
differences in losses between the two circular polarizations lead
to the observed higher circular dichroism. This produces a larger
phase contribution described by the Kramers-Kronig relations
and the added impact on the optical activity. More importantly,
it is demonstrated that the Blaschke phase plays a dominant role
in the strength of optical activity of the structure. There are two
critical ways that the geometry of the structures influences the
Blaschke phase contributions to optical activity: 1) As the real
parts of the zero frequencies approach each other there is an
increase in optical activity with a clear trade-off in bandwidth,
as seen in Figure 3.3 (b)(e)(h). 2) For each complex frequency
with zero transmission, there is a greater contribution to optical
activity if it has a larger imaginary part.

To elucidate the part that zeros at complex frequencies play in
this work, Figure 3.4 (a) shows a schematic depicting the trans-
mission on a dB scale in the vicinity of a zero. This transmission
is over all possible real and imaginary frequency values; howev-

Final – 15 July 2019



§3.3 Control of Blaschke Phase with Metasurface Geometry 61

Re{ } (arb. units)

Im{
} (arb. units)

|T
| (

dB
)

0

10

20

30

40

0.0 0.5 1.0 1.5 2.0
/Re{ n}

50

0

50

B

Im{ n}/Re{ n}
0.90
0.29
0.07

(a) (b)

Figure 3.4: a) Transmission spectrum in the complex frequency plane in the
vicinity of a zero. Dashed lines show the transmission curves corresponding
to different values of the imaginary part of the complex frequency at the
transmission minima. b) Blaschke phase terms corresponding to each of the
dashed lines in Panel a), showing that a larger imaginary part of ω±i, leads
to a larger bandwidth of significant optical activity.

er, for example, in order to match the theoretical phase shown by
the black curves in Figure 3.3 (b)(e)(h) to the observed red phase
curves, the Blaschke phase terms must be adjusted by choosing a
specific imaginary frequency. This is shown by the black-dashed
curves in Figure 3.4 (a). These dashed curves show how the char-
acter of the observed transmission response changes depending
on how close the complex zero is to the real frequency axis. The
minima becomes more shallow as the complex zero of transmis-
sion moves away from the real frequency axis. Figure 3.4 (b)
displays the Blaschke phase terms associated with each of the
curves in Figure 3.4 (a). Examination of Equation (3.7) shows that
each Blaschke term has a pair of branch points at ω±i and ω∗±i.
This always leads to a jump in phase of 180◦ as the real frequen-
cy axis passes through the branch cut. However, the influence of
this term at other frequencies depends strongly on the imaginary
part of ω±i. It can be seen in Figure 3.4 (b) that as the imaginary
part of the zero frequency increases from 0.07 to 0.9 (normalized
to the real part), the optical activity becomes significant over a
wider bandwidth. This agrees with Figure 3.3 (a)(d)(g), where
the sharper transmission minima are associated with zeros close
to the real axis, hence the corresponding Blaschke phase terms
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are quite narrow-band, and decay quickly at frequencies away
from the zero. On the other hand, the weak transmission mini-
ma of the arc structure shown in Figure 3.3 (g) give very broad
Blaschke phase contributions, which add to the optical activity
over a broad frequency range. This is why the arc structure has
the largest optical activity predicted in simulation.

3.4 Fabrication Process

The two layered chiral structures shown in Figure 3.2 were fab-
ricated using standard photolithography techniques. The silicon
wafer (<100>) substrate used in the first step shown in Figure 3.5
is the foundation for the structures that will be built upon this
surface. Then “windows” will be etched through the wafer to re-
veal the completed structures on the top surface of the wafer, cre-
ating a metasurface that can be measured in transmission mode.
The topside, is the polished side of the wafer and is coated with a
50 nm layer of Silicon Nitride (SiN) using Plasma Enhanced Cou-
pled Vapor Deposition (PECVD) as a precautionary measure to
protect the wafer during the initial phases of the fabrication pro-
cess, this thin layer takes on a shiny blue color. Next, a 500 nm
layer of SiN is deposited using PECVD on the backside (unpol-
ished) of the wafer that will act as a mask to protect the wanted
portions of the wafer during the final step of back-etching the sil-
icon using Potassium Hydroxide (KOH), as is seen in Figure 3.5
the 500 nm layer appears green in color. It should be noted that
the structure thicknesses in the fabrication figures are not to scale
but have been embellished so that the process can be seen clearly.

The next step is to create a pattern of circular “windows,” 1 cm
in diameter, in the SiN using a mask pattern seen in Figure 3.6
and photolithography on the EVG 620 Automated Mask Align-
ment System. First, a layer of Hexamethyldisilazane (HDMS)
adhesion promoter is spin coated on the backside of a 2 inch
wafer at a speed of 3000 RPM for 30 s. Followed by a 2 µm layer
of negative photoresist (N-1420) spin coated at 3000 RPM for 30
s, which is then baked at 100◦C for 90s. Then a chromium mask
obtained from the Bandwidth Foundry with the pattern seen in
Figure 3.6 is positioned over the backside of the wafer and the
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Figure 3.5: The silicon wafer substrate has a 50 nm layer of SiN deposited
on the top and 500 nm on the backside using PECVD. The top is for protec-
tion during the initial phases of fabrication and the bottom layer is to create
windows to the silicon on the backside.

sample is exposed to an ultra-violet (UV) light source. When
the wanted areas of the photoresist are exposed to UV-light the
polymer structures in the photoresist, become in-soluble in the
photodeveloper (Ma-d 533S), which means that the unexposed
areas of the resist are washed away during development reveal-
ing the SiN layer below, as seen at the top of Figure 3.6.

To remove the SiN in the exposed circular windows a process
called induced-coupled plasma - reactive ion etching (ICP-RIE) is
used, which etches the SiN at a rate of approximately 1.9 nm per
second. The backside of the wafer is etched for 6 minutes, this
exposes the silicon “windows” while the SiN remains as a mask
over the rest of the wafer. Finally, the protective layer of SiN is
then etched for 50 seconds to remove it from the topside of the
wafer, also using ICP-RIE so that the structures have a clean flat
surface to be fabricated on. The results of this can be seen at the
bottom of Figure 3.6. It should be noted that it is crucial to over-
etch the SiN to ensure that the silicon is completely exposed.
The SiN layer is not always deposited evenly and if even a minor
amount of it remains on the silicon the KOH etching process
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Figure 3.6: Negative photoresist (maroon color) is spin coated on the back-
side of the wafer. Mask pattern of circular windows is positioned above the
backside of the wafer with a mask aligner and the sample is exposed to UV
light. Development of the photoresist removes the unexposed portions of the
resist.

could potentially etch the silicon at uneven rates or even leave
patches of silicon covering the completed structures above. For
the backside of the wafer an additional minute was added to the
etch time and an additional 15 seconds was added for the topside
of the wafer.

To begin the structure fabrication an initial layer of benzocy-
clobutene (BCB), approximately 6 µm thick is spin coated on the
topside of the wafer according to the literature provided by Dow
Chemicals [149, 150]. Benzocyclobutene is a dielectric polymer
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typically used in nanofabrication with a permittivity of 2.7 over
the operational frequency range of these experiments and a loss
tangent of 0.008. This layer is hard-baked and provides a pro-
tective layer for the metal structures that will be deposited on
it. When spin coating the BCB onto the 2” silicon wafer a small
berm develops at the edge that has a larger thickness than the
rest of the film. In order to make sure that the gold layers are
flat and the mask is completely level with respect to the photore-
sist this berm on the edge of the wafer should be removed. This
process was done by scraping the raised edge of the BCB with a
razor blade leaving a center circular patch of BCB large enough
to cover the circular windows on the backside of the wafer. The
wafer was then cleaned in acetone, isopropyl alcohol, and de-
ionized water baths to remove any residual BCB that may have
drifted onto surface of the remaining BCB.

Figure 3.7: A layer of BCB is deposited on the topside of the silicon surface. A
mask aligner positions the mask over the surface above the windows on the
backside of the wafer. The remaining photoresist is removed in an acetone
sonic-bath along with the unwanted gold revealing the gold patterns and
their complements.
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Then the top surface is prepared for photolithography using
the same techniques as before; however, the mask pattern shown
in Figure 3.7 is then positioned over the top surface and manu-
ally aligned with the windows on the backside using measure-
ments taken from the edge of the wafer. The actual size of the
array patterns on the mask are 1.5 cm square. The photoresist is
developed and a 200 nm layer of gold is then deposited on the
wafer using electron beam (E-beam) evaporation. The wafer is
then placed in an acetone bath inside a sonic bath and the gold
that is on top of the remaining portions of photoresist are re-
moved revealing the structure patterns on top of the BCB as seen
at the bottom of Figure 3.7.

Another layer of BCB is then spin-coated on top of the wafer
and hard-baked, this layer acts as the dielectric spacer between
the gold layers. The edge of the wafer is then cleaned again to en-
sure a flat surface for the next gold layer. The photolithography
is repeated, except that in this case the mask pattern is rotat-
ed by 90◦ and aligned with the previous layer using alignment
marks at the corners of each pattern on the mask. Rotation of the
mask places the corresponding complementary patterns over the
crosses, arrows, and arcs in gold from the previous steps and

Figure 3.8: A 6 µm layer of BCB is spin coated on the topside of the wafer.
Another layer of photoresist is applied and the mask with the structure pat-
terns positioned over the windows on the backside. The photoresist is ex-
posed to UV light and developed, creating the patterns in the photoresist.
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vice versa, followed by development of the exposed photoresist,
as can be seen in Figure 3.8. The patterns are aligned with the
lower layer using cross marker patterns at the corners of the
structure patterns that can be seen under the microscope of the
mask aligner (not depicted). Note, the mask patterns shown here
are not to scale and not representative of the actual patterns but
are just an illustration of the arrangement of the mask patterns.
The same gold deposition procedure is then followed complet-
ing the final chiral metasurface as seen in Figure 3.8. A final
layer of BCB is spin coated and cured to completely embed the
structure for protection during the final step of silicon etching,
see Figure 3.8.

The final procedure is to back-etch the silicon wafer windows
using KOH to expose the final structure. The wafer sample is

Figure 3.9: The final wafer is placed in a Teflon sample holder to protect
the topside from the KOH and the entire sample is submerged in a tank of
KOH at 98◦ C. The process takes between 2.5 to 3 hours depending on the
temperature.
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placed topside down in a Teflon holder as seen in Figure 3.9,
which is designed to prevent KOH from coming into contact
with the topside of the sample. It was found that this is not
entirely the case, as a small amount of KOH was able to leak
through to the top surface of the sample. However, since the
complete surface was embedded in BCB, which does not react
with KOH, it was determined that this leakage had little to no
effect on the sample. Once the sample was secured in the hold-
er it was placed in a tank of KOH at 98◦ C for between 2.5 to
3 hours. This temperature was lowered to approximately 95◦ C
during the final 30 minutes to slow down the etching process and
reduce the stress on the sample. Upon placement in the KOH,
bubbles will begin to immediately rise off the exposed silicon
surfaces, ideally this will be uniform and constant. Areas where
no bubbles arose was most likely residual SiN remaining on the
windows and in some cases led to uneven etching of the silicon
or catastrophic failure of the samples in some cases.

The process is stopped by removing the sample from the KOH
and submerging and gently rinsing with DI water. The wafer
is then removed from the sample holder and again thoroughly
rinsed with DI water. Any metasurfaces that survived the violent
etching process can then measured in transmission mode using
THz-TDS through the etched windows in the backside of the
sample seen in Figure 3.9.

3.5 THz-TDS Measurements

All THz-TDS measurements were taken in transmission mode
as described in Chapter 1. The focus of the beam was found
using an aperture with a diameter of 4 mm cut into a piece of
aluminum foil, the sample was then positioned directly at the
focused position of the terahertz beam. This positioned is shown
in Figure 3.10 and labeled “sample.” However, in order to obtain
the transmission coefficients for circularly polarized waves, the
transmission for the linear polarizations, Txx, Tyy, Txy, and Tyx

was measured. This was done by using two polarizers labeled
Pol1 and Pol2 inserted before and after the sample as seen in
the augmented Figure 3.10 in a nitrogen atmosphere. The Txx
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sample

Pol1 Pol2

Figure 3.10: Augmented configuration of the spectrometer depicted in Chap-
ter 1, Figure 1.13 to measure the components of the circular polarized tera-
hertz signal. The samples were placed at the focal point of the terahertz signal
and polarizers, Pol1 and Pol2 were positioned equidistant before and after the
sample in the terahertz beam path.

component was chosen to be at the polarizer position of +45◦

from the vertical polarization of the terahertz source, 0◦, as la-
beled on the polarizer. Both polarizers were manually rotated
from the vertical to +45◦ for the Txx component and -45◦ for the
Tyy component. The Txy and Tyx components were positioned at
±45◦ and ∓45◦ respectively. Reference signals for each polar-
ization Txx and Tyy were taken in free space without the sample
in the beam path. The normalized spectra were then used in
Equations 3.1,3.2, 3.3, and 3.4 to obtain the transmission for each
polarization T++, T−−, optical activity (Φ), and ellipticity angle
(η).

3.6 Results and Discussion

To offer a complete comparison with the experimentally mea-
sured results, the numerical analysis presented in this section is
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based on the experimentally measured dimensions presented in
Table 3.1. It should also be noted that in regards to the arcs struc-
ture, the imperfections outlined in red in Figure 3.2 (h) were also
included in the numerical simulations.

3.6.1 Crosses

The transmission of the cross structure was optimized to be the
highest at the second resonance frequency in simulations of the
structure. The operational frequency of the crosses was chosen
to be at 0.93 THz in the CST simulations.
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Figure 3.11: Results for the crosses depicted in Figure 3.2 (a,b,c). Numer-
ical results are shown in red and the experimental THz-TDS measurements
are shown in blue. Transmission |T++| and |T−−| (a,b), ellipticity angle of
the terahertz waves (c) remains close to zero except near the transmission
minimum. Panel (d) shows the optical activity of approximately 8.4◦ at our
simulated operational frequency of 0.93 THz, indicated by the black-dashed
line, at the second resonance in the crosses structure.

Figure 3.11 (a) shows the transmission for the right-circular po-
larization from the cross structure, while (b) shows the left-
circular polarization. The simulated spectra are shown in red
while the experimentally measured spectra are plotted in blue.
The maximum transmission amplitude at the second resonance
for the |T++| polarization had a simulated value of 0.75 and an
experimental value of 0.65. The maxima of the experimental da-
ta were slightly blue-shifted by about 0.05 THz for both the left-
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Figure 3.12: The experimentally measured transmission spectra for the cross-
coupled terms |T−+| and |T+−|, which should ideally be zero are plotted in
blue and green respectively. The |T++| and |T−−| components of the crosses
structure are plotted in red and black accordingly are also plotted for com-
parison.

and right-circular polarizations. The low ellipticity angle of -1.7◦

of the THz signal at 0.93 THz compared to a simulated value
of 0.14◦ is shown in Figure 3.11 (c). Lastly, Figure 3.11 Panel
(d) shows the optical activity that remains nearly flat through-
out the frequency band of the second resonance and has an ex-
perimentally measured rotation of about 8.4◦ and a simulated
optical activity of 8.8◦ at 0.93 THz. Due to symmetry, no cross-
coupling was expected between the left- and right-circularly po-
larized waves. Experimentally, it was confirmed that these cross-
coupling terms T+− and T−+ were less than 0.18 over the mea-
sured frequency range, as shown in Figure 3.12. These non-zero
cross-coupling terms lead to an increase in the ellipticity angle
as can be seen when comparing the simulated and experimental
values in Panel (c) of Figure 3.11; however, the differences are rel-
atively minor due to the low magnitudes of these cross-coupling
terms.

3.6.2 Arrows

Higher polarization rotation is possible by adding some com-
plexity to the cross structure. Changing the structure also low-
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Figure 3.13: Results for the arrows depicted in Figure 3.13 (d,e,f). Numerical
results are shown in red and the experimental THz-TDS measurements are
shown in blue. Transmission |T++| and |T−−| (a,b), (c) ellipticity angle of the
terahertz waves. Panel (d) shows the optical activity of approximately 12.5◦
at the operational frequency of 1.2 THz, indicated by the black-dashed line,
at the second resonance in the arrows structure.

ered the transmission of the THz signal to approximately 0.67
in the CST simulations with experimental values of 0.56 for the
|T++| and 0.70 for the |T−−| transmission shown in Panels (a)
and (b) of Figure 3.13. The ellipticity angle of the terahertz signal
shown in Panel (c) is higher than the cross structure, particularly
when compared to the simulation values predicted, which are
lower at the operational frequency of 1.2 THz. The ellipticity an-
gle at the second resonance is 6.3◦, while the simulated value is
0.5◦. However, the arrows structure does undoubtedly have in-
creased optical activity, shown in Panel (d) of Figure 3.11, when
compared to the crosses structure. Furthermore, the optical ac-
tivity remains relatively level throughout the band of the second
resonance design with a simulated value of 12.5◦ compared to an
experimental value of 15.3◦.

Similar to the crosses, due to symmetry, the cross-coupling
between left and right circularly polarized waves should be zero.
It was experimentally shown that these cross-coupling terms T+−
and T−+ were less than 0.18 over the measured frequency range,
as shown in Figure 3.14. Similar to the crosses the non-zero cross-
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coupling terms lead to a slight increase in the ellipticity angle as
can be seen when comparing the simulated and experimental
values in Panel (c) of Figure 3.13.
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Figure 3.14: The |T−+| (blue) and |T+−| (green) for the arrows were exper-
imentally measured transmission spectra for the cross-coupled terms, which
should ideally be zero. The |T++| (black) and |T−−| (red) components of the
arrows structure are also plotted, for comparison.

3.6.3 Arcs

The arc structure replaced the arrowheads with circular arcs as
seen in, Figure 3.2 (g,h,i). Fabrication of the arc structures was,
unfortunately, unsuccessful to some extent. Ideally, the layer ele-
ments and their complements would have identical dimensions;
however, there were errors during fabrication and the samples
had flaws and the layer dimensions differed slightly. For the
simulations performed in this section, the actual measured fab-
ricated dimensions from Table 3.1 were used. The most signifi-
cant issue that occurred during the development/lift-off process
of the complementary arc structures is that the complementary
structures “bled" together so the unit cells are not completely
separated by a continuous gold layer, this can be seen in Fig-
ure 3.2 (h). This was most likely due to the structures on the
mask being too close together to account for variations in the
fabrication process; as well as, aberrations during development
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of the photoresist. The dimensions of the nearly rectangular gap
between each complementary arc are 11.7 µm by 3.0 µm, indicat-
ed with the red-rectangles in Figure 3.2 (h).
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Figure 3.15: Experimental and simulated results for the arcs depicted in
Figure 3.2 (g,h,i). Numerical results are shown in red and experimental in
blue. Transmission |T++| and |T−−| (a,b), (c) ellipticity angle of the terahertz
waves. Panel (d) shows the optical activity of approximately 30.0◦ at our
operational frequency of 1.7 THz, indicated by the black-dashed line, at the
second resonance in the arcs structure.

The experimental and simulated results from the arc structure
are shown in Figure 3.15. It can be seen immediately in Panels
(a) and (b) that the experimental and simulated resonances align;
however, there are significant artifacts in the spectrum due to fab-
rication errors, as well as, limitations of our THz-TDS system as
described later in this section. These results are still useful be-
cause the underlying principle is still verified; furthermore, the
level of optical activity is compelling and it could be realized
with development of a more accurate fabrication procedure. The
simulated transmission of the structure has an approximate val-
ue of 0.80, average experimental ellipticity angle of 8.5◦ at the
operational frequency of our structure, 1.7 THz. The optical ac-
tivity has a simulated value of 29.8◦ and an average experimental
value of approximately 30.0◦.

Akin to the crosses and arrows, the cross-coupling between
left and right circularly polarized waves should be zero, due
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Figure 3.16: The |T−+| (blue) and |T+−| (green) are the experimentally mea-
sured transmission spectra for the cross-coupled terms, which should ideally
be zero. Because of artifacts in the spectra, due to fabrication errors, this
comparison is difficult to perform at the edge of the frequency range.

to symmetry. Unfortunately, due to the artifacts is the spectra
from the fabrication inaccuracies this was difficult to experimen-
tally confirm; however, the overall trend of the cross-coupling
terms T+− and T−+ were lower than the T++ and T−− transmis-
sion terms over the measured frequency range, as shown in Fig-
ure 3.16. The fluctuations in the magnitudes of cross-coupling
terms had a significant impact in the arc structure ellipticity an-
gle measurements where there is clearly a high amount of dis-
agreement between the simulated ellipticity angle values and the
experimentally measured values.

Lastly, this final part of the discussion will offer further ex-
planation for the complications in the arcs spectra. The trans-
mission data for the reference and sample (arcs) are measured in
the time-domain, as a current of nA level generated by the de-
tector, as was described in Figure 1.13 in Chapter 1. To minimize
the influence of noise, average values are taken over 1024 mea-
surements. The corresponding spectra are obtained by Fourier
transform, and for the case of the arc structure are plotted in
Figure 3.17. At higher frequencies the signal strength is con-
siderably diminished. Additionally, there are many null values
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that occur in the higher frequency ranges, where both the signal
and reference have small values. At these points the signals are
both dominated by noise, hence their ratio is ill-determined. This
explains the noisy features observable at high frequencies in Fig-
ure 3.17. Note that the ellipticity angle defined in Equation 3.3
of this chapter is particularly prone to error, since it is calculated
by subtracting two signals of similar magnitude. It can be seen
that for all structures this quantity suffers from high uncertainty
in the measured data.
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Figure 3.17: The un-normalized Txx (a) and Tyy (b) signals through the arcs
sample are shown in red and the corresponding reference signals are shown in
blue on a dB scale to emphasize the degradation of the THz signal at higher
frequencies. Along with systematic errors in the sample fabrication this is
further explanation for the oscillations visible in Figure 3.15.

3.6.4 Results Summary

To clarify and compare the results of the optical activity for the
crosses and arrows structures, the simulated ideal structures pre-
sented in Figure 3.3 and the results of the realistic simulated
structures presented in this section, are summarized in Table 3.2.
From the values in Table 3.2 it can be seen that for even slight
changes in the geometry of the structure, the optical activity is
changed as well as minor shifts in the resonance frequency.
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Dimensions Ideal Realistic
Freq. Φ (◦) Freq. Φ (◦)

Crosses 0.91 12.08 0.93 8.8
Arrows 1.24 13.19 1.20 12.5
Arcs 1.7 29.8 * *

Table 3.2: Summary of optical activity values of the simulated crosses and
arrows structures shown in Figure 3.3 and the realistic simulated structures
presented in Section V. The slight changes between the structures shifted the
resonance frequencies slightly as well as altered the amount of optical activity.

In agreement with our numerical analysis, Figures 3.11, 3.13,
and 3.15 clearly show that at each of the transmission minima
there are strong discontinuous features in the optical activity.
Although the multiple features in the crosses, arrows, and arcs
were outside of our experimentally measurable range, the arcs
show that as the frequencies of minimum transmission approach
each other the optical activity is increased. Furthermore, it can
be seen that the shallower transmission minima correspond to
more broadband contributions of the Blaschke phase terms, due
to the increase in the imaginary part of the zero of transmission.

3.7 Summary

This work investigated experimentally and theoretically the opti-
cal activity in chiral metasurfaces constructed from planar metal-
lic elements coupled to their twisted Babinet complements. It
was demonstrated that in chiral metasurfaces with low losses,
the amount of optical activity is strongly influenced by the Blasc-
hke phase, which dominates the contributions related to circular
dichroism through the Kramers-Kronig relations. Three chiral
metasurfaces were designed, fabricated, and measured at ter-
ahertz frequencies. Dispersionless optical activity around the
resonant transmissions peaks was observed in all three struc-
tures. The difference in performance is explained by the change
of Blaschke phase based on the different geometries of the struc-
tures.
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Chapter 4

High Efficiency Refracting
Metasurfaces

4.1 Introduction

This chapter will present a comparison of two types of metasur-
faces, Huygens’ and Omega-type bianisotropic, for anomalous
refraction, as discussed in Chapter 1 Section 1.3, whereby a gra-
dient of the transmission phase leads to additional refraction of
the transmitted beam. This concept has been demonstrated at
optical [62] and microwave [151] frequencies using both Huy-
gens’ metasurfaces (HMS) and omega-type bianisotropic meta-
surfaces (O-BMS); however, a direct comparison of realistic struc-
tures of the two types of metasurfaces has not been performed.

These metasurfaces are realized as an array of supercells con-
sisting of three layers of metallic elements separated by dielec-
tric substrate layers. This configuration is chosen to achieve the
proper impedance matching of the metasurfaces as described in
Chapter 1 Section 1.9.3. Three layers of elements provide enough
degrees of freedom for each individual cell of the supercell to
attain the required transmission and phase response needed to
cause anomalous refraction of the metasurface.

The first part of this chapter will present a detailed discussion
of the design procedure used to create both types of metasurfaces
that will be simulated. Then results of the metasurfaces will be
shown along with explanations of the near-field coupling effects
between the elements of the metasurface. Finally, the efficiencies
of each type of metasurfaces for the two refraction angles will be
compared.

79
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Figure 4.1: Artistic rendering of the full supercell of the metasurface (top),
the individual cell (middle), and the composite layers (bottom) of the first unit
cell of the supercell, bot, mid, and top. In all images, the waves are incident
perpendicular to the plane of the metallic elements.

4.2 Structure Design

The metasurfaces considered here consist of three layers of metal-
lic elements separated by two dielectric substrates. An artistic
rendering of the proposed O-BMS supercell can be seen in the
top of Figure 4.1. The structure of the Huygens’ metasurface is
based on similarly designed patterns, except that it is constrained
to have identical top and bottom layers. Each cell in Figure 4.1 is
designed separately, to generate the required electric, magnetic
and magneto-electric response at the corresponding position.
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A basic design procedure for creating such 3-layered struc-
tures is laid out in References [57, 62, 98, 135, 151, 152]. At the
outset of this procedure, the desired angle of refraction and the
number of cells must be chosen to achieve a transmission re-
sponse with a linear phase gradient with 2π phase coverage cal-
culated by

φ(y) = −ky(∆sin). (4.1)

Here k is the wavenumber, y is the position of the individual cell
within the supercell, and ∆sin = sin θout − sin θin.

The transmission phase response is achieved by designing a
metasurface with the following equivalent magnetic surface ad-
mittance Ysm and electric surface impedance Zse [135]

Ysm = −j
YG

2
sin(ky∆sin + ξout)

1− (ZA/ZG) cos(ky∆sin + ξout)
(4.2)

Zse = −j
ZG

2
sin(ky∆sin + ξout)

1− (ZA/ZG) cos(ky∆sin + ξout)
. (4.3)

In the O-BMS case there is the addition of the Omega-
bianisotropy term Kem, given by

Kem =
∆Z
4ZG

cos(ky∆sin + ξout)

1− (ZA/ZG) cos(ky∆sin + ξout)
. (4.4)

In Equations (4.2) to (4.4), ξout is an arbitrary phase term that
can be used as another degree of freedom to achieve the desired
admittances/impedances of the cells (set to zero for this work).
The remaining terms are ∆Z = Zout − Zin, ZA = (Zout + Zin)/2,
ZG = (ZoutZin)1/2, where Zin = η/ cos θin and Zout = η/ cos θout

for the transverse electric (TE) polarization considered in this
work. It is worth noting that Ysm and Zse are purely imaginary;
whereas, Kem is purely real. In the HMS case, the structure is
matched only to the impedance of the transmitted wave Zout,
and the term Kem is zero, leading to the normalized impedances
being equal Ysmη0 = Zse/η0.

The structures were designed to operate at 1.0 THz, employ-
ing four cells per supercell, which requires a 90◦ phase difference
between the transmission response of each of the cells. The num-
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Figure 4.2: Theoretical admittance (Y) and impedance (Z) values calculated
from Equations (4.2) and (4.3). All of the values were normalized according
to η0 and since the Huygens’ condition is met will coincide.
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Figure 4.3: Theoretical admittance (Ysm), impedance (Zse), and electromag-
netic coupling (Kem) values for each of the cells, for each case of refraction
angle for the omega-type bianisotropic metasurface.

ber of cells is largely determined by fabrication constraints, since
meta-atoms with large dimensions are more tolerant to fabrica-
tion errors, but a higher number of cells better approximates the
continuous impedance functions specified by the theory. For the
case of a 55◦ refraction angle, a supercell consisting of four in-
dividual cells leads to a cell size of 91.25 µm; whereas, for a
refraction angle of 70◦ the cell size is 79.75 µm. The equiva-
lent impedance functions of each cell for the Huygens’ metasur-
faces are plotted in Figure 4.2. As expected, the admittance and
impedance values coincide as the Huygens’ condition demands.
Similarly, the same functions, including the electromagnetic cou-
pling term, Kem, are plotted in Figure 4.3.

In the methods described in References [62, 98, 135, 152], the
effective impedance functions of each cell are realized by a
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Figure 4.4: a) Depiction of impedance sheet model for the HMS (left) and O-
BMS (right) cases that are compared in this work. HMS case has identical top
and bottom layers, while the O-BMS case has different top and bottom layers
creating a bianisotropic structure. The terahertz waves are incident on the
structures perpendicular to the plane of the impedance sheets, propagating
from top to bottom. b) The circuit model representation of the impedance
sheets used to model the separate layers of the system.

cascade of 3 metallic layers, as depicted in Panel (a) of Fig-
ure 4.4, each represented by a sheet impedance Z or admittance
Y = 1/Z. For the HMS case the top and bottom sheets are
identical but these are different in the O-BMS case. As seen in
Figure 4.4(b), the design method allows each of the three metal-
lic layers to be designed and verified separately, then assembled
into the complete cell. In principle, this greatly reduces the com-
plexity of the design process, since it is relatively straightforward
to design a single metallic layer to match a given impedance val-
ue. However, the transmission-line model, which represents cou-
pling between the metallic layers within one cell, includes only
the influence of the fundamental Floquet harmonic, neglecting
near-field interaction. Note that this interaction has been shown
to be quite strong and to have a complex dependence on the dis-
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tance between meta-atoms [153]. It is subsequently shown that
neglecting this near-field interaction can be a significant source
of error in the design process.

The dielectric substrate between the metallic layers is rep-
resented by a transmission line with optical path length βsubt,
where βsub = ω

√
µsubεsub. The substrate permittivity εsub and

thickness t are chosen based on fabrication constraints. In Refer-
ence [135] it was noted that the value βt should be small to limit
spatial dispersion, which leads to a spurious dependence of the
metasurface properties on the angle of incidence.

4.3 Simulation Procedure

Now that the necessary concepts regarding the design proce-
dure have been established the actual process of simulating these
metasurfaces will be discussed in detail. The overall goal of de-
scribing these types of metasurfaces according to the transmis-
sion line model depicted in Figure 4.4 is to break the supercell
down into its constituent parts. This allows each layer to be de-
signed independently, then build back up to form the individual
cells, and ultimately the full supercell. All simulations in this
work were performed using the CST Microwave Studio software.

To break this problem down further each cell can then be di-
vided into its individual layers according to the circuit model
depicted in Figure 4.4. The tangential fields above and below the
structure depicted in Figure 4.4 can be related by the impedance
matrix (Z-matrix) as follows [135]

[
E−x
E+

x

]
=

[
Z11 Z12

Z21 Z22

] [
H−y
−H+

y

]
. (4.5)

Using Equation 4.5 and following the process laid out in Refer-
ence [135] the impedances for each layer for both the HMS and
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O-BMS cases are then calculated by

Zbot
se = Zsub tan(βt)

j+Zsub tan(βt)Z11+Z12
∆Z

Zmid
se =

[Zsub tan(βt)]2 Z12
∆Z

sec2(βt)−2jZsub tan(βt)Z12
∆Z

Ztop
se = Zsub tan(βt)

j+Zsub tan(βt)Z22+Z12
∆Z

.

(4.6)

The sheet admittance of each layer is also used in the design
process 

Ytop = 1/Ztop

Ybot = 1/Zbot

Ymid = 1/Zmid.

(4.7)

In the analysis presented here, the impedance values could
be used just as easily; however, in the preliminary analysis the
admittance values for the layers and structures were presented
in literature so to verify previous results the admittances were
studied. Furthermore, determining the impedances in CST was
found to be non-trivial and sensitive to small changes in the
simulation parameters; therefore, determining the admittances
based on the more robust S-parameters in CST proved to be a
more favorable approach. In the above Equations 4.6 the values
obtained from Equations (4.2), (4.3), and (4.4) for the Z11, Z12,
and Z22 Z-parameters are given by

Z11 = −jZin cot(ky∆sin + ξout) (4.8)

Z12 = Z21 = −j
ZG

sin(ky∆sin + ξout)
(4.9)

Z22 = −jZout cot(ky∆sin + ξout). (4.10)

Once the theoretical admittance values for each layer are cal-
culated they become the goal admittances for the CST layer sim-
ulations. The CST layer simulations begin with building the ge-
ometric model of the layer structures depicted in the bottom row
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of Figure 4.1. The simulations were set up with periodic bound-
ary conditions in the x- and y-directions and open boundary
conditions in the z-direction. Then a default plane wave sig-
nal is launched at the periodic array in the z-direction normal
to the surface of the structure. These conditions were the same
for the layers, cells, and the supercell simulations, which had in-
creasingly longer run-times due to the increase in complexity of
each simulation from minutes, to 1 or 2 hours, to 6 or 7 hours.
The reference planes of the bounding box of the unit-cell were
placed on the top and bottom surfaces of the structure with the
additional distance (2λ) added between the reference planes and
the ports to ensure no near-field effects from the structure on the
ports themselves. However, in order to compare the theoretical
values to the CST results the element must be de-embedded from
the substrate to ensure the correctness of the admittance values
of the layer. The reason that the substrate was included in the
simulations was to ensure that any interactions between the ele-
ment and the substrate were taken into account in the simulation
to make it as realistic as possible. In other words, the structure
in the simulation is the element and a section of the substrate de-
picted in the layers of Figure 4.1 but the theoretically calculated
admittances are only for the elements themselves. Therefore, the
post-processing steps of the admittances calculated in CST must
reflect the fact that the effects of the substrate have been taken
into account.

The CST software readily yields the S-parameters; therefore,
to obtain the proper values for the admittance of the metal-
lic element, the cascaded sheet admittances presented in Ref-
erences [98, 135, 151, 152] are used to determine the simulated
admittances. The work in these references describes the use of
the ABCD transmission matrix, which relates the field on either
side of the cascaded sheet as follows [154, 155][

E1

H1

]
=

[
A B
C D

] [
E2

H2

]
. (4.11)

Final – 15 July 2019



§4.3 Simulation Procedure 87

Now if the full cell is considered, the ABCD matrix is given by

[
A B
C D

]
=

[
1 0

Ybot 1

] [
cos(βt) jηt sin(βt)

j sin(βt)/ηt cos(βt)

]
[

1 0
Ymid 1

] [
cos(βt) jηt sin(βt)

j sin(βt)/ηt cos(βt)

] [
1 0

Ytop 1

] (4.12)

where ηt is the impedance to the substrate. The matrices

[
1 0

Yn 1

]
are the transfer matrices (ABCD) of the nth metallic element. The
ABCD matrices separating the elements come from the transmis-
sion line model of the substrate and are given by[

cos(βt) jηt sin(βt)
j sin(βt)/ηt cos(βt).

]
These matrices represent the fields on either side of the substrate
layers, where t is the thickness of the substrate layer and j is the
complex unit number.

Subsequently, to de-embed the metallic element from the sub-
strate the ABCD matrix equation needs to be solved for the ad-
mittance Yn in terms of S-parameters. Re-arranging the ABCD
matrix equation and using the transformation equations in Table
4.2 of Reference [97]. The equations for the admittance of the
layer elements become

Ytop/bot = −cos(βt)(S11 + S22− S11S22 + S12S21− 1)
2S21η0

− j sin(βt)(S22− S11− S11S22 + S12S21 + 1)
2S21ηt

(4.13)
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Ymid = − cos(βt)
[

cos(βt)(S12S21− (S11− 1)(S22− 1))
2S21η0

+
j sin(βt)(S12S21− (S11 + 1)(S22− 1))

2S21ηt

]
−j sin(βt)

[
cos(βt)(S12S21− (S11− 1)(S22 + 1))

2S21ηt

+
jη0 sin(βt)(S12S21− (S11 + 1)(S22 + 1))

2S21ηt

]
.

(4.14)

The specific value of η0 here is 376.73 Ω and ηt for this partic-
ular choice of substrate material has a value of 110.14 Ω. The
S-terms are the components of the S-matrix, and the quantity
βt has a value of 0.86. For all the layer simulations the top and
bottom layers of the metasurface consist of a perfect electric con-
ductor (PEC) element on a dielectric substrate of thickness t, as
seen in the bottom row of Figure 4.1. The middle layer con-
sists of a PEC element embedded between the two substrate lay-
ers. The permittivity ε of the substrate was chosen to be 11.7,
corresponding to silicon in the terahertz range (noting that the
synthesis procedure requires a lossless substrate material). All
simulations had periodic boundary conditions with mesh adap-
tation enabled. The S-parameter error threshold accuracy was
set to 0.0001 with between 60,000 and 80,000 tetrahedrons per
layer structure simulation. The element geometry, as depicted
in Figure 4.5, of each PEC element is altered using the CST op-
timization algorithm until the numerically extracted admittance
value equals the theoretical value.

The ultimate goal of this work is to compare these two types
of metasurfaces to fully demonstrate the distinctness in efficien-
cy for different angles of refraction. However, the design proce-
dures have slight variations in their development based on the
fundamental response of each metasurface; therefore, from this
point, the specific processes will be presented separately in order
to clearly identify these differences.
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Figure 4.5: Schematics of the top, bottom, and middle layer parameters
that were used to optimize the geometry of the metallic elements during the
optimization procedure.

4.3.1 HMS Design procedure

In the HMS case the top and bottom layers are identical, which
imposes the condition that Zin = Zout for the impedance of free
space (376.73 Ω). This means the set of equations used to calcu-
late the admittances for each layer reduce to Ytop = Ybot and Ymid

from Equation 4.7. Then these values are compared to the simu-
lated values extracted in post-processing steps in CST according
to Equations 4.13 and 4.14. The theoretical values for each layer,
according to the cell number are plotted in Figure 4.6. The values
plotted in the left column of Figure 4.6 are for a refraction angle
of 55◦ and the admittance values plotted in the right column are
for a refraction of 70◦. The top row of plotted admittances are
for the identical top and bottom layers for each cell as shown
on the x-axis. The theoretical and achieved values from the CST
simulations can be seen in Table 4.1. Note that the values in the
top and bottom layers are identical.

Once the layer admittance goals have been reached in simu-
lation by optimizing the geometry of the metallic elements the
layers can then be assembled into the individual cells of the su-
percell that will eventually make up the entire metasurface. Ide-
ally, when the layers are assembled the simulated admittance
and impedance values for each cell would be equal to the the-
oretical values plotted in Figure 4.2, unfortunately, this was not
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Figure 4.6: Huygens’ metasurface theoretical admittance values for each layer
of each cell calculated from Equations (4.13) and (4.14) for both refraction
angles. These values then become the goals for the CST simulations of each
layer structure.

HMS 55◦ HMS 70◦

Ytheoryη0 Ysimη0 Ytheoryη0 Ysimη0

C
el

l1

top 0.0089 0.0089 0.0089 0.0089
mid 0.0538 0.0539 0.0538 0.0538
bot 0.0089 0.0089 0.0089 0.0089

C
el

l2

top 0.0142 0.0143 0.0142 0.0143
mid 0.0538 0.0539 0.0538 0.0538
bot 0.0142 0.0143 0.0142 0.0143

C
el

l3

top 0.0014 0.0014 0.0014 0.0015
mid -0.023 -0.023 -0.023 -0.023
bot 0.0014 0.0014 0.0014 0.0015

C
el

l4

top 0.0067 0.0067 0.0067 0.0067
mid -0.023 -0.023 -0.023 -0.023
bot 0.0067 0.0067 0.0067 0.0067

Table 4.1: Theoretical and optimized simulated admittance values of the
layers (top, mid, and bot) for the HMS, for the two cases of refraction angle.
The admittances for the top and bottom layers of the HMSs are identical.

the case. When the layers were assembled into the individual
cells of the supercell, there was a significant shift in the reso-
nance of the transmission from the operational frequency of 1.0
THz. This effect can be seen in Figures 4.7 and 4.8 where the
red curves show the initial transmission of each cell for the HMS
with refraction angles of 55◦ and 70◦. The explanation for this
effect will be described in more detail in the following section;
however, before proceeding with the assembly of the supercell,
each individual cell needed to be re-optimized, meaning the de-
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Figure 4.7: The red curves show the initial transmission for each cell upon as-
sembly of the layers. The blue curves show the transmission of the optimized
individual cells for a refraction angle of 55◦.

sired transmission and phase, of each cell needed to be reached.

In order to achieve the proper admittance (Ysm) and impedance
(Zse) to ensure that the Huygens’ condition Ysmη0 = Zse/η0 is sat-
isfied [151] the optimization of the cells was conducted in two
steps. Initially, a manual procedure was performed in which the
parameters labeled top/bot length and mid length in the lay-
er structure schematics shown in Figure 4.5 were adjusted until
the transmission resonance peak and admittance became close to
the desired values at 1.0 THz. Once this was complete the second
step was to run the CST optimization algorithm on the remain-
ing parameters labeled in Figure 4.5. The resulting transmission
of the optimized cell structures can be seen by the blue curves in
Figure 4.7.

In order to compare the theoretical admittance and impedance
values with the simulated results from CST the following equa-
tions were used to extract these values from the CST S-parameters
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Figure 4.8: The red curves show the initial transmission for each cell upon as-
sembly of the layers. The blue curves show the transmission of the optimized
individual cells for a refraction angle of 70◦.

according to

Yes =
2(1− S12− S11)

η0(1 + S12 + S11)
, (4.15)

Zms =
2η0(1− S12− S11)

(1 + S12− S11)
(4.16)

where S12 and S11 are the complex transmission and reflection
coefficients respectively [57, 156]. This process was also repeat-
ed for the HMS for a refraction angle of 70◦ and the results of
the transmission upon initial assembly (red curves) and the op-
timized (blue curves) individual cells can be seen in Figure 4.8.

An additional result of this optimization process is that the
required phase for each cell was also achieved and can be seen in
Figure 4.9. The black dashed line shows the linear phase profile
across the cells while the hollow black circles indicate the values
of each cell. The red plus signs show the initial phase at each cell
position upon assembly of the layers while the blue xs show the
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Figure 4.9: The theoretically calculated phase profile across the cells is plot-
ted by the dashed black line with cell values shown by the hollow black circles
for both refraction angles of 55◦ and 70◦. The initial phase for each cell upon
assembly is shown by the red plus signs while the blue xs show the phase for
each cell after optimization of the individual cells.

phase of each individual cell after optimization. Once each of the
individual cells is re-optimized the supercell can be assembled,
the results of which will be presented in Section 4.4 following
the description of the design procedure of the O-BMS.

4.3.2 O-BMS Design

Similar to the Huygens’ metasurface, the design of the omega-
type bianisotropic metasurface also begins with calculation of
the layer admittances using Equations (4.7) and (4.6) where all
three layers had different values. This adds some time to the
procedure but initially the process is the same and the theoretical
admittance values of the layers were plotted in Figure 4.10 for
each cell and each refraction angle.

All three layers of the unit cells were then simulated in CST
identically to the HMS case and optimized until the CST calcu-
lated admittance values according to Equations (4.13) and (4.14)
matched the theoretical values shown in Figure 4.10. The re-
sults of this optimization process can be seen in Table 4.2, which
shows that there is very good agreement between the simulated
and theoretical values.

Although, similar to the HMS case, once the layers of the cells
were assembled there again was a clear shift in resonance from
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Figure 4.10: Omega-type bianisotropic metasurface theoretical admittance
values for each layer of each cell calculated from Equations. (4.13) and (4.14)
for both refraction angles. These values then become the goals for the CST
simulations of each layer structure.

O-BMS 55◦ O-BMS 70◦

Ytheoryη0 Ysimη0 Ytheoryη0 Ysimη0

C
el

l1

top 0.0080 0.0080 0.0074 0.0074
mid 0.0661 0.0661 0.0810 0.0811
bot 0.0091 0.0091 0.0091 0.0091

C
el

l2

top 0.0133 0.0120 0.0127 0.0127
mid 0.0661 0.0661 0.0810 0.0811
bot 0.0122 0.0123 0.0109 0.0109

C
el

l3

top 0.0023 0.0023 0.0030 0.0030
mid -0.035 -0.036 -0.050 -0.050
bot 0.0035 0.0035 0.0047 0.0047

C
el

l4

top 0.0076 0.0076 0.0083 0.0083
mid -0.035 -0.036 -0.050 -0.050
bot 0.0065 0.0065 0.0065 0.0065

Table 4.2: Theoretical and simulated admittance values of the top, middle,
and bottom layers for both refraction angles of the omega-type bianisotropic
metasurface.

the operational frequency of 1.0 THz. This meant that the cells
themselves needed to be optimized so that the simulated admit-
tance (Ysm), impedance (Zse), and electromagnetic coupling (Kem)
terms were equal to the values calculated in the theory, which
can be seen in Figure 4.3.

The initial results of the cell transmission for a refraction an-
gle of 55◦ can be seen by the red curves in Figure 4.3. After
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Figure 4.11: The red curves show the initial transmission for each cell upon
assembly of the layers. The blue curves show the transmission of the opti-
mized individual cells for a refraction angle of 55◦.

optimization of the cells to achieve the values in Figure 4.3 the
transmission curves are shown in blue in Figure 4.11.

The three designed layers are assembled into cells and trans-
mission through each cell is simulated with periodic boundary
conditions. To take into account the refracted wave impedance,
the generalized scattering parameters or G-parameters [152] are
calculated. In the circuit model in Figure 4.4(b), this can be un-
derstood as connecting different reference impedances Zin and
Zout to the respective ports [135]. Perfect impedance matching at
these two ports corresponds to the case where reflection coeffi-
cients G11 = G22 = 0, and a well designed structure should ap-
proximate these conditions. Achieving full transmission efficien-
cy with the desired transmission phase corresponds to having
G12 = G21 = eiφ(y), with the phase φ(y) given by Equation (4.1).
In numerical simulation of a single unit cell, the angle of the
transmitted wave will always be identical to the angle of the in-
cident wave, thus it is not possible to directly calculate the gen-
eralized scattering parameters. However, they can be obtained
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by transforming the reference impedances of the numerically ac-
quired S-parameters.

The transmission and phase calculated from the G-parameters
was used as an additional guide to thoroughly optimize the cells
of the O-BMS for verification of the results of the simulated ad-
mittance, impedance, and coupling terms. Therefore, in order
to calculate these values in CST, one must take care to consider
the fundamental differences between these types of structures.
The HMS suppresses reflection of normally incident waves by
matching the electric and magnetic dipole moments. By intro-
ducing bianisotropy to the system, the O-BMS takes into account
that the refracted wave is not normal to the surface, hence, its
field components are not tangential, and the effective impedance
seen by the metasurface is different. This results in a detuning
of the electric and magnetic responses and in order to re-tune
the system the electromagnetic coupling term (Kem) must be in-
troduced to re-balance the system. This added coupling term
means that the desired transmission and phase required of the
cells of the metasurface will no longer be dictated completely
by the admittance and impedance of each cell and the Huygens’
condition will no longer be the goal to achieve in the simula-
tions. Furthermore, Equations (4.15) and (4.16) also no longer
hold true.

The result of this is that a more complicated post-processing
step is needed in order to calculate Ysm, Zse, and Kem based on
the S-parameters in CST. The first step began with Equation
(7) found in Reference [135], which gives the cell parameters in
terms of the impedance matrix elements, Z-parameters Z11, Z12,
and Z22, as shown in Equations (4.2), (4.3), and (4.4), yielding

Kem =
Z11− Z22

2(Z11 + Z22− 2Z12)
(4.17)

Ysm =
1

Z11 + Z22− 2Z12
(4.18)

Zse =
Z11Z22− (Z12)2

Z11 + Z22− 2Z12
. (4.19)

Then converting the Z-parameters to S-parameters using the re-
lations in Table 4.2 of Reference [97], these equations become
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Figure 4.12: The red curves show the initial transmission for each cell upon
assembly of the layers. The blue curves show the transmission of the opti-
mized individual cells for a refraction angle of 70◦.

The resulting optimization of |G12| for each cell for refraction
angles of 55◦ and 70◦ are shown by the blue curves in Figures 4.11
and 4.12.

Following the process in the HMS case, Figure 4.13 shows the
corrected phase profile across the cells for each case of refraction
angle. The linear phase profile across the cells is shown by the
black dashed line and the hollow black circles indicate the phase
values for each cell. The red plus signs show the initial phase at
each cell position upon assembly of the layers while the blue xs
show the phase of each individual cell after optimization. This
additional optimization step proved to be vital in achieving rea-
sonable results of the full supercell, although preliminary. How-
ever, in order to give further insight into this design procedure
it is imperative to gain a better understanding of the reasons
for these shift and ideally future works would improve on these
techniques.
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Figure 4.13: The dashed black line shows the theoretically calculated phase
profile across the cells. The phase cell values are shown by the hollow black
circles for both refraction angles of 55◦ and 70◦. The initial phase for each
cell upon assembly is shown by the red plus signs while the blue xs show the
phase for each cell after optimization of the individual cells.

4.4 Three-Layer Results

To explain the reasons for the shift of the individual cell trans-
missions, Cell 1 of the O-BMS case will be focused on as an ex-
ample case. The red curves in Figure 4.14(a) and (b) show the
generalized scattering parameters for cell 1 of the O-BMS case
for a 55◦ angle of refraction. It is clear that the transmission
magnitude is not equal to the designed value of 1.0 (black dot) at
the target frequency of 1.0 THz. Instead there is a transmission
maximum at a frequency of 0.89 THz. There is a similar shift in
the phase of the transmitted wave, where the target value of 135◦

is indicated by the black dot. This frequency shift is caused by
near-field coupling between the layers, which is not accounted
for in the transmission-line model. To compensate for this un-
wanted near-field interaction, the geometric parameters of each
of the layer cells are numerically optimized in order to achieve
the desired transmission and phase of each cell across the meta-
surface. The resulting optimization of |G12| for Cell 1 at 55◦ is
shown by the blue curve in Figure 4.14(a), with the correspond-
ing phase shown by the blue curve in panel (b), nearly reaching
the target, with value of 133.5◦.

To gain some insight into the near-field coupling effects which
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Figure 4.14: (a) Magnitude and (b) phase of transmission |G12| of cell 1 of
the O-BMS metasurface refracting at 55◦. The black dots indicate the target
values, the red curves indicate the initial results of the synthesis method,
and the blue curves indicate the results after numerical optimization. The
correspondinding impedances of the (c) top and (d) middle metallic layers.
(e) Efficiency |G12|2 of optimized cells at the operating frequency, for all four
designed metsaurfaces.

degrade metasurface performance, in Figure 4.14(c) and (d) the
electrical impedance of the top and middle layers of Cell 1 for
the 55◦ O-BMS structure are plotted before and after optimiza-
tion. These impedance calculations are performed without any
other layers present, thus they represent the true self-impedance
of each metallic layer. In both cases, it is observed that the de-
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signed impedance value indicated by the black dots is negative,
corresponding to a capacitive impedance Z ∼ (jωC)−1. Both op-
timized structures have a more negative impedance value, cor-
responding to a reduction in the self-capacitance. This suggests
that for these particular layers, mutual capacitance dominates the
coupling, leading to an effective increase in the self-capacitance
of each layer. The numerical optimization compensates for this
by finding a more optimal geometry with lower self capacitance.

Similar results of the impedance values for every layer are
located in the Appendix A, many of which follow a similar pat-
tern where the optimized structure has a lower self capacitance.
Some of the layers have positive (inductive) impedance Z ∼ jωL.
In these cases the optimized values tend to have an increased
impedance, corresponding to increased self-inductance. This im-
plies that in such cases coupling is dominated by mutual induc-
tance, which is negative for parallel conductors of the orientation
shown in Figure 4.1. In general the near-field coupling is com-
plex, and always involves a mix of capacitive and inductive ef-
fects [153], thus not every layer fits the simple patterns described
above. When interpreting impedance data it is also important to
note that resonances correspond to zeros. The peaks visible in
some impedance plots correspond to anti-resonances, where the
structure has no influence on the incident field.

The efficiency of each numerically optimized cell |G12|2 is plot-
ted in Figure 4.14(e). These efficiencies show that the bianisotrop-
ic cells (black and green circles) have a higher efficiency than the
Huygens’ cells (red and blue circles). Furthermore, there is a
significantly lower efficiency in the cells of the Huygens’ meta-
surface when the angle is increased from 55◦ to 70◦. These re-
sults are consistent with theoretical predictions of the reduced
efficiency of Huygens’ metasurfaces at large refraction angles, in
contrast to the robustness of bianisotropic designs [98, 135].

4.5 Supercell Results

After optimizing each cell individually, they are combined into
the supercells in order to create the refracting metasurfaces. The
initial frequency dependent refraction efficiency of each metasur-
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Figure 4.15: The red curves show the efficiencies of the metasurfaces pre-
optimization. The blue curves show the post-optimization efficiencies. The
top row is for 55◦ and 70◦ in the bottom row. The black dashed lines indicate
the operational frequency of 1.0 THz.

face is shown by the red curves in Figure 4.15. The simulations
for each supercell were calculated using mesh adaptation con-
taining approximately 1.2 million tetrahedrons. Note that the
efficiency of these supercells is generally lower than that of the
individual cells plotted in Figure 4.14(e). Furthermore, there is
some evidence that the optimal frequency is shifted away from
the designed frequency as shown by the black dashed lines in
Figure 4.15. This is attributed to the coupling between neighbor-
ing cells, which is not fully accounted for in the design process.
In simulating each individual cell, periodic boundary conditions
were used, which fully account for coupling between identi-
cal neighbors. However, once the cells are placed next to non-
identical neighbors, the coupling coefficient will change, and the
electromagnetic response of each cell will shift from its designed
value. To mitigate this frequency shift, a numerical optimization
of the entire supercell is performed. The efficiency of the opti-
mized cells is shown by the blue curves in Figure 4.15, which is
significantly improved in all cases.
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The efficiencies in Figure 4.15 were calculated as the fraction of
power refracted into the desired order for each case. To compare
the two metasurfaces, introducing bianisotropy to the structure
between the top and bottom layers clearly provides an increase
in efficiency. Expectedly, as the angle is increased from 55◦ to
70◦ the HMS efficiency breaks down and shows significantly less
efficiency than the O-BMS case. The HMS had an efficiency of
93.5% for 55◦ and 76.4% 70◦ while the O-BMS had efficiencies of
97.0% for 55◦ and 91.4% for 70◦.

The y-component of the electric fields at the operating fre-
quency can be seen for each case in Figure. 4.16 on a linear scale
normalized to the incident field amplitude. The orientation of
these patterns is looking from above the structure along the y-
axis and the fields are projected onto a plane cut through the
center of the metasurface and bounding box of the unit-cell. The
wave propagates in the positive z-direction, and is refracted in
the x-z plane by a metasurface located at z = 0. The black boxes
indicate the regions containing each of the unit cells. The HMS
simulation results are in the left column, 55◦ in the top row and
the 70◦ in the bottom row.

Figure 4.15 shows that when the refraction angle is increased
from 55◦ to 70◦ the HMS efficiency decreases from 93.5% to
76.4%. Examining the corresponding field plots in Figure. 4.16,
we see an increase in the strength of the standing wave patterns
corresponding to stronger reflection and transmission of spuri-
ous diffraction orders. For the bianisotropic metasurface refract-
ing at 55◦, the percentage of power refracted into the desired
mode is 97.0%. This is consistent with the electric field plot in
Figure. 4.16 where there is a decrease in the unwanted reflections
relative to the HMS case. When the angle is increased to 70◦ the
efficiency decreases to 91.4%, compared to the 55◦ case. These
results confirm that for higher refraction angles the bianisotropic
metasurfaces do offer improved performance.

The above results demonstrate that for higher angles (above
55◦) it is advantageous to employ a bianisotropic metasurface
as opposed to a HMS. Although there is more work involved
in the development of the O-BMS design procedure due to the
additional difference in layers, the added efficiency outweighs
any reason for not choosing this metasurface. Depending on the
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needs of the device, for lower angles, it appears that the choice of
either metasurface would be sufficient for most applications be-
cause the differences in efficiency are not significantly different.
However, since there is a lower computational cost associated
with the HMS design, as well as, a simplified fabrication process
due to the identical top and bottom layers it may be advanta-
geous to employ the HMS over the O-BMS.

4.6 Conclusion

In this chapter the performance of concrete Huygens’ and bian-
isotropic metasurface designs are numerically compared in order
to verify whether the inclusion of bianisotropy does lead to the
efficiency improvements predicted by theory. An existing design
process was utilized that breaks the structure into its constituent
parts from supercell to cell to layer. It was shown that because
this design procedure neglects near-field interactions, it does not
accurately predict the response when the constituent elements
are combined to form the cell and the supercell. This problem
was overcome through a numerical optimization; however, this is
computationally expensive when applied to the entire supercell.

It was demonstrated that the introduction of bianisotropy into
a refracting metasurface can further suppress reflection, creating
a highly efficient metasurface in the terahertz regime. It was
found that the HMS had an efficiency of 93.5% at an angle of 55◦

while the O-BMS metasurface was 97.0%. Once the angle was
increased to 70◦ the efficiency of the HMS plummeted to 76.4%
while the O-BMS efficiency decreased slightly to 91.4%.

These results suggest that when considering realistic meta-
surfaces for refraction devices, the more complex bianisotropic
designs are warranted where large angles of refraction are need-
ed. However, either metasurface is sufficient at lower angles be-
cause both metasurfaces reduce the bulky refraction devices like
gratings and prisms to ultra-thin components. For larger refrac-
tion angles the significant improvement in performance of the
O-BMS over the HMS would significantly increase the efficiency
of an actual device regardless of the added cost and complexity
of design and fabrication.
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Chapter 5

Conclusion

5.1 Summary

Terahertz waves offer new possibilities to technology that are not
present at other electromagnetic frequencies. Some of the areas
where terahertz can aid in advancing current technologies are
security, imaging, biology, medicine, and communications. In
order to bring this field to the cutting edge of technology, break-
throughs need to be made. Some of the challenges still facing ter-
ahertz technology in everyday life include more efficient sources
of terahertz radiation and more adept detectors of the resulting
terahertz signal. Once there is an adequate terahertz signal that
can be created and detected these signals need to be manipu-
lated so that they can produce the required functionality of the
device, polarization control or beam steering. There are current-
ly standard optical components that can perform some of these
functions but these components are typically bulky and are lim-
ited in efficiency. In order to bring current terahertz devices up
to the level required by 21st century technology a new paradigm
of devices must be implemented that are smaller and faster than
ever before. One of the most promising platforms to ensure this
leap into the technology of the current century is metamaterials
and metasurfaces.

Metamaterial and metasurface research has exploded since its
dawning moment at the turn of the century creating a plethora
of devices and functionalities. However, one of the most useful
concepts introduced in metasurface technology is the Huygens’
metasurface. The idea that one can excite the typically weak
magnetic resonance of a material, as well as, the electric reso-
nance is very powerful; furthermore, the ability to tune these res-
onances to desired frequencies gives the designer a large range

107
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of functionalities. For example, perfect transmission, reflection,
and absorption of electromagnetic waves, along with, polariza-
tion control, and beam steering. The Huygens’ metasurface also
has the advantage that they typically employ simple geometries
that are compatible with current fabrication techniques. This
means that with more research the Huygens’ metasurface may
become an integral part of everyday technology.

However, the Huygens’ metasurface is not the only platform
to create efficient devices. There are a number of different phys-
ical concepts that can be exploited to produce efficient terahertz
components. One example is the chiral metasurface, which has
been used to produce perfect absorption and polarization con-
trol, just to name a few applications. At the lower frequencies of
terahertz and microwaves these devices can be fabricated using
metallic structures because the losses are significantly lower than
at optical frequencies and the structural features are much larg-
er, which makes more complex meta-atoms easier to fabricated.
One functionality that chiral metasurfaces have been shown to
produce with very high efficiency is polarization rotation.

Three steps that have been made by the work presented in
this thesis are in the proposed perfect terahertz absorbers that
could act as the building blocks for efficient detectors. The next
step aimed to offer practical and efficient ways to manipulate the
amount of polarization rotation using chiral metasurfaces. The
final step was to investigate the efficiency of two different types
of metasurfaces that produce large angle anomalous refraction.

The terahertz field requires quality absorbing materials in or-
der to employ highly efficient detection systems. Currently, most
metamaterial absorbers require multi-layered metallic structures
with a metal ground plane to suppress reflection. Alternative-
ly, dielectric metamaterials with large substrates that attenuate
the terahertz signal. In order to overcome these disadvantages,
the structure proposed in this work is an all dielectric Huygens’
metasurface. It was implemented as an array of dielectric disks
embedded in a low index material that does not require a ground
plane or complex fabrication. The first step of this research was
to determine the necessary properties of a theoretical material to
demonstrate that both transmission and reflection could be si-
multaneously suppressed producing perfect absorption. It was
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shown that the dielectric Huygens’ metasurface had an absorp-
tion of 99.5% and could be tuned throughout the terahertz fre-
quency range by simply changing the geometry of the structure.
Next, two realizable materials with parameters taken from litera-
ture were shown to also show perfect absorption. The crystalline
quartz disks were shown to have an absorption of 99.8% with a
narrow band resonance demonstrating low reflection and high
transmission off-resonance. The other realizable material con-
sisted of disks of gallium selenide that showed nearly perfect ab-
sorption (>99.5%) using the dipole and higher order resonances
in two separate cases. More importantly than the details, is the
fact that this type of metasurface consists of a simple geomet-
ric structure that is relatively easy to fabricate. This structure
is also highly robust to fabrication inaccuracies and adaptable
to choices of material, and operational frequency requirements
depending on the specific application. Perfect absorbing HMSs
such as these offer an ideal platform to create efficient terahertz
absorbers, and therefore, the possibility for significant advance-
ment in terahertz sensing, imaging, and communications.

The next area of investigation in this work involved terahertz
polarization manipulation. In particular creating chiral metasur-
faces of increasing geometric complexity to increase optical activ-
ity. Metallic elements and their Babinet complements, separated
by a dielectric layer have been shown to produce strong optical
activity when the metallic elements are twisted through an angle
compared to their complements. Furthermore, this optical activi-
ty can be increased by changing the length of the individual cells
or increasing the thickness of the substrate. However, these pre-
vious studies were conducted outside of the terahertz frequen-
cy range, as well as, neglected changing the geometry of the
structures themselves. By changing the geometry of the struc-
tures with increasing complexity, it was found that there was a
gain in optical activity with each progression in geometry. There
were three tested geometries starting with simple crosses, then
crossed double-sided arrows, and finally crossed arc structures
and their complements. The arc structures showed the highest
optical activity of approximately 30◦. These structures were then
fabricated and the experimental results agreed with the simu-
lated structures. A fundamentally important piece of this work
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theoretically demonstrated that a change in the geometry of the
structure influenced the difference in transmission between the
right and left circular polarizations, causing linear polarization
rotation. This can be particularly useful when determining ex-
actly which structure might be needed for a particular amount
of optical activity depending on the application.

Designing metasurfaces that can manipulate the direction of
the terahertz signal by refraction is also highly important; how-
ever, making these metasurfaces highly efficient is essential be-
fore they can be readily implemented into actual devices. Along
this line, the last work in this thesis compared the refraction ef-
ficiencies of two different types of metasurfaces, the Huygens’
metasurface and the omega-type bianisotropic metasurface. Be-
ing able to manipulate the refracting angle of a terahertz beam
is extremely useful for possible devices in communications and
even technologies such as self driving vehicles. The design of
these metasurfaces was based on three layered metallic elements
separated by dielectric spacers. Two refraction angles (55◦ and
70◦) were tested for each type of metasurface and at the larger
angle the HMS showed significantly lower refraction efficiency
than the O-BMS. This confirms the concept that the O-BMS is
efficient for all angles up to about 81◦ even though there are de-
sign advantages for lower angles because the design process of
the HMS is easier. This implies that the choice of metasurface is
dependent on the particular application.

All of these functionalities are vital to the advancement of ter-
ahertz technology. With more research the challenges still fac-
ing the field of terahertz can be overcome. The introduction of
metamaterials and metasurfaces has been a critical addition to
the tools available to scientists and engineers looking for more
efficient ways of manipulating the terahertz portion of the elec-
tromagnetic spectrum.

5.2 Future Outlook

As a final note, the work presented herein, represents a basis of
small, but integral steps in the overall development of terahertz
advancement as this field continues to grow. However, there are
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still challenges that need to be overcome and follow up work that
can be done to expand on the concepts within this work.

5.2.1 Perfect Absorbers

Having an all dielectric terahertz absorber of the type discussed
in Chapter 2 could be improved by further investigation of ab-
sorber materials. For instance which materials are easily ob-
tained and fabricated. Furthermore, a significant study of the
upper and lower limits of the inherent absorption characteristics
of the disk materials that are able to achieve perfect absorption
would be useful. This investigation would require considerable
resources in time due to the fact that there are countless candi-
dates for disk materials and each of these are frequency depen-
dent solutions for a static absorber, further increasing the com-
plexity of the problem. The experimental verification using sili-
con disks on polymide substrates is a step in the right direction;
however, these disks still only offer a static absorption response
at a fixed predetermined frequency. Additionally, these absorp-
tion bands are narrow ruling out this type of absorber for appli-
cations where broadband absorption is needed. The solution to
these issues would be a tunable disk or array to vary the opera-
tional absorption frequency and the final step for a metasurface
of this type would be to implement it in a terahertz detector.

5.2.2 Chiral Metasurfaces

Expansion of the understanding of the processes withing chi-
ral metamaterials that led to increase in optical activity in the
twisted Babinet metasurfaces presented in Chapter 3 would give
further insight into: 1. Determine exactly how the twist angle af-
fects the magnitude of the imaginary part of the frequency at the
zeros of transmission. In relation to this, a collaboration with the
groups of Dr. David A. Powell and Dr. Maxim Gorkunov, have
an ongoing investigation to determine why the transmission ze-
ros appear where they do. 2. Establish exactly what the rela-
tionship is between geometry of the structure and the amount
of optical activity. Ascertain whether or not there are ideal ge-
ometries that should be used for these metasurfaces 3. Finally,
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determine if there are methods to have high optical activity with-
out having the trade-off in bandwidth. For example learn what
the particular properties of the metasurface are that influence
this reduction in bandwidth; is it choice of material, geometry,
substrate parameters, or a combination of all of these?

5.2.3 Refracting Metasurfaces

In regards to the Huygens’ and omega-type metasurfaces there
are significant follow up studies that could be done in regards
to making the design processes of these metasurfaces more ef-
ficient. For instance, what are the exact effects of the substrate
material? What are the limits on the thickness, are there lower
limits on the real part of the permittivity? Very thin substrates
lead to increased coupling between the elements, although, this
can be desired in some metasurfaces, here it can lead to unde-
sired coupling that causes unforeseen near field effects upon as-
sembly of the cell layers. This coupling can be reduced with
thicker substrates but this leads to increased dispersion, so there
must be some balance to this trade off. Knowing the limits on
the permittivity of the substrate can also decrease these effects
but without knowing the restrictions on these parameters, the
designer is back to trial and error.

Furthermore, are there any ideal geometries that are particu-
lar useful in this metasurface construction? Several authors have
offered suggestions of geometries that work, as has this work
but this is still based on a little intuition, some fabrication con-
straints, but again, mostly significant amounts of trial and error.
The more simple the geometry the better; however, sometimes
there is no way to reach particular admittance values for each in-
dividual layer and this means introducing more complex struc-
tures. Some insight into which structures offer the largest range
of admittances available to the designer would be highly useful.

Finally, what are the exact effects of losses in the formulation
laid out in References [57, 62, 98, 135, 151, 152]? Having no loss-
es in the simulations of the design procedure by layers means
that one must introduce losses to the final structure, which can
severely change the results. This means that one has to apply an
optimization algorithm to the supercell structure, which would
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be extremely time consuming considering the size of the cell. If
the designer knew the effect of losses on the admittances of the
individual layers and cells the process would be much more com-
plete. These are just a few of the many possible questions that
are waiting to be answered before this design procedure can be
widely implemented, particularly at wavelengths outside of the
microwave regime, where material choices are more limited, the
sizes of structures can become a fabrication issue, and metallic
losses of the elements can become significant.

Overall, to summarize what these previous future directions
are stating is... Is there a better design process that is yet to be
developed to engineer a more accurate and readily simulated
metasurface for this particular purpose? For example, this de-
sign process does not take into account the fundamental fact that
near-field coupling exists between the elements of the metasur-
face, which causes levels of repeated optimization of the layers,
cells, and superstructure; all of which could be avoided with a
more general and accurate design procedure.

5.2.4 Final Note

Ultimately, advancement in the understanding of the deeper fun-
damental ideas governing metamaterial and metasurface func-
tionality such as, the Huygens’ principle or the particular influ-
ences of the geometry of metasurfaces, will offer more efficiency
in the manipulation of electromagnetic waves. Furthermore, all
dielectric metasurfaces appear to be a significant step forward
in metamaterial research because of the advantages over metal-
lic materials both due to cost and range of material possibilities.
Once fabrication techniques have become more efficient, i.e. be-
yond planar structures and photolithography, the complexity of
geometries can truly be probed to take advantage of all the elec-
tromagnetic properties available. However, in the opinion of this
author, the most significant advancement of metamaterial and
metasurface research will be in actively tunable materials [157].
Making this step forward will enable a metasurface to be tuned
to any required frequency or functionality in real time by com-
puter control or at the flip of a switch, this step has the potential
to unlock doors straight out of the realm of science fiction.
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Appendix

A.1 Cell Layer Impedance Data

The following plots are the normalized impedances of each cell
layer and the corresponding shift in transmission phase of the
individual cells. These shifts are the result of un-accounted for
near-field interactions between the layers in the design procedure
as described in Chapter 4.
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Figure A.1: Normalized impedance values of the top and middle layers, both
before (red curves) and after (blue curves) optimization of the individual cells
for the HMS designed for a refraction angle of 55◦. Plots in the right column
show the corresponding shift in transmission phase pre- (red curves) and
post-optimization (blue curves).
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Figure A.2: Normalized impedance values of the top and middle layers both
before (red curves) and after (blue curves) optimization of the individual cells
for the HMS designed for a refraction angle of 70◦. Plots in the right column
show the corresponding shift in transmission phase pre- (red curves) and
post-optimization (blue curves).
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Figure A.3: Normalized impedance values of all the layers both before (red
curves) and after (blue curves) optimization of the individual cells for the
O-BMS designed for a refraction angle of 55◦. Plots in the right column
show the corresponding shift in transmission phase pre- (red curves) and
post-optimization (blue curves).
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Figure A.4: Normalized impedance values of all the layers both before (red
curves) and after (blue curves) optimization of the individual cells for the
O-BMS designed for a refraction angle of 70◦. Plots in the right column
show the corresponding shift in transmission phase pre- (red curves) and
post-optimization (blue curves).
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