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Abstract

Terahertz, abbreviated as THz, (also called T-ray similar to X-ray and 7 -ray) is
defined as the frequency band spanning from 300 GHz to 10 THz, which is located
between the microwave from the electronic side of the electromagnetic (EM) spectrum
to mid-Infra-Red (abbreviated as mid-IR) on the photonic side of the EM spectrum.
As accelerated research and innovations over the past seven decades have resulted
in widespread commercialization of both electronic and photonic components, THz
band has remained underdeveloped, underexploited, and mostly unallocated by the
Federal Communications Commission (FCC). Though certain definitive merits of EM
waves at THz have evoked interests of physicists, chemists, biologists and material
scientists to deploy THz in Time-Domain Spectroscopy (TDS), bio-sensing, and clas-
sical imaging applications, the field of THz circuits (also known as THz electronics)
has continued to remain in embryonic stage due to the speed (fr <1 THz) limita-
tions of conventional Silicon and compound semiconductor devices like Field Effect
Transistors (FETs), Hetero-junction Bipolar Transistors (HBTs), and Hot Electron
Mobility Transistors (HEMTs). On the other hand, conventional photonic devices
cannot be readily adopted to design new THz circuits and systems. Our research

vision in THz circuits and systems is to study the meta-material properties of THz

xii



in various forms of sub-wavelength structures and exploit those unique properties to
invent the designs of large THz systems like the THz switch, Analog-to-Digital Con-
verter (ADC), etc. without requiring the use of conventional electronic transistors
or photonic components. This transformative approach envisions leveraging the con-
ventional MEMS technology to build micro-machined THz components for the next
generation terahertz communications and digital signal processing.

The potential large bandwidth and high propagation speed helps photonic cir-
cuitry to be proposed against the above-mentioned challenges faced by its electronic
counterpart. Optical-assisted as well as all-optical systems in various forms have been
reported to realize different data-processing functionalities. For example, analog-
to-digital converters (ADC) with the potential of high speed operation have been
demonstrated by optical-assisted or all-optical approaches. Photonic logic has also
been reported in numerous works by coding the Boolean information in the amplitude,
phase or wavelength of the optical signals. Despite these efforts, however, the key
element to address the fundamental deficiencies of CMOS circuit remained missing.
The use of optical frequencies in these works brought about common shortcomings in-
cluding dimension mismatch, lack of coherent detection, inflexibility, susceptibility to
mechanical and environmental variations, and the presence of bulky optical elements
(i.e., mirrors, beam splitters, lenses, etc.). More seriously, these works inherited se-
quential circuit designs directly from CMOS. It indicates that the cumulative delay
still dominated the speed performance, which prevented further decrease of the circuit
latency. In light of these problems, we foresee the implementation of THz circuitry
as the next reasonable step to take in designing high-speed analog as well as digital
circuits.

Spoofed Surface Plasmon Polariton (SSPP) is known as a pseudo-surface mode in
THz frequencies that mimics the slow wave nature and localized E-M field distribution

of the plasmon mode typically observed in optical domain. By introducing periodic
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corrugations on the surfaces of a metal-dielectric-metal structure, SSPP mode is real-
ized for propagating THz signal, and its mode dispersion is strongly dependent on the
geometric dimensions as well as the material properties of the architecture. Recently
propagation of THz wave utilizing Spoof surface plasmon polariton (SSPP) earned
a great deal of attention due to the ability of SSPP modes to guide THz waves at
very low dispersion. In this research, we exploit and investigate the SSPP modes in
different periodic structure and utilizing them in different structure to introduce new

THz devices, such as, polarization rotator, THz switch, ADC, etc.
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CHAPTER I

Introduction

The discovery of p-n junction and the construction of the very first semiconductor
transistor decades ago have revolutionized the science of electronics profoundly. Ever
since, efforts have been continuously made to design and realize solid-state circuits
with smaller size, less power consumption, and higher performance. To-date, very
large scale integrated (VLSI) circuit has become the foundation of modern electronics.
With the discovery of new materials and the development of advanced fabrication
techniques, the dimensions of the VLSI are marching into the sub-10 nm domain
with the speed performance achieving gigahertz (GHz) operations.

However, with the ever-growing demand for large scale data transmission and
high-speed information processing, the electronics as we know of begins to face serious
challenges. Conventional VLSI circuit comprises enormous number of complementary
metal-on-semiconductor (CMOS) transistors connected in a preconfigured manner via
metallic wires. The transportation of charged carriers in these structures is not only
slow, but also power consuming. As a result, a hard speed limit is faced by the
circuit designers nowadays. The cumulative path delay and state delay, as well as the
temporal jitter of clock signals, contribute to such limit [1, 2].

Photonics, on the other hand, is a promising solution to the challenges as stated

above. Unlike charged carriers, photons propagate in the form of electromagnetic (E-



M) waves at a much higher speed, which is close to or comparable with the speed of
light. The path delay for the photonic signal to traverse the entire circuit is therefore
minimal. The E-M field has instantaneous response as dictated by the bounded
solutions to the Maxwells equations, which will further reduce the circuit latency due
to the minimized state delay. Moreover, photonics has great bandwidth, ranging from
terahertz (1 THz=10"? Hz) to 1014 Hz of the visible spectrum. Due to these potential
advantages, photonic circuits and networks have attracted enormous research interest
in the recent years. Optical-assisted as well as all-optical systems in various forms
have been reported to realize different data-processing functionalities [3, 4, 5].

Despite the heated research activities in the optical frequencies, several hurdles
remain before this concept can be adopted in real world applications. These hurdles
include the enormous frequency difference between photons and electrons, as well as
the dimension mismatch between optical and electrical components. Faced by these
problems, THz is proposed to be a transitional frequency range that can potentially
bridge the disparity between the two. Comparing to optics, THz features lower os-
cillating frequency of the E-M field, indicating much easier realization of resonant
interaction of THz radiations with electrons. Unlike optical waves, the direct energy
transfer from photon oscillation to free carrier dynamics in the same time scale is
straightforward in THz.

From the electronics end, the THz frequencies provide bandwidth that is mag-
nitudes larger than the GHz range achievable today. Devices that can utilize THz
signals are hence promising candidates for increasing the speed of the state-of-the-
art electronic components. The photon energy of THz radiation is on the order
of meV. For years, it has posed difficulties for the emitter and detector designs at
these frequencies. The dilemma between the positive phenomenology of THz in cir-
cuit applications and the difficulty in its generation and detection was finally solved

with the discovery of resonant THz emission by using semiconductor photoconductive



switch, as reported by D. Grischkowsky et al. in the late 1980 [6, 7, 8].

Their pioneering works have been supplemented by the work of Dyakonov and
Shur at the beginning of 1990s, where the possibility of generating and detecting
THz emissions through the instability of plasmon waves in the field-effect transistor
(FET) structure is proposed and demonstrated [9, 10]. To-date, a variety of different
technologies have been employed to generate and detect THz radiations in both pulsed
and continuous-wave (CW) mode, and THz measurement systems employing these
technologies have slowly but steadily matured [11, 12, 13, 14]. With these significant
achievement, and fueled by a multitude of research projects that sometimes involve
collaborative participants, THz technologies progressed fast in the recent decade,
beginning to demonstrate its potential in diverse domains such as astronomy, bio-
sensing, and high-speed data processing [15, 16, 17, 18, 19].

Recent years have seen fast progress in the research field of THz electromagnetics
and components, which has long been deemed as missing links between their mi-
crowave and optics counterparts. In the upcoming future of the Beyond-Moores Law
era of the integrated circuit, higher operation speed of the VLSI can be realized with
the integration of THz components into the state-of-the-art CMOS technologies. In
CMOS circuits, various functionalities are realized by cascading a network of semi-
conductor transistors in sequential manners. Regardless of the circuit design and
realization, electrical signal needs to propagate between stages of the circuit, where
the output from the previous stage serves as the input to the next. Modern chip de-
sign requires the combination of large number of stages of various natures in order to
achieve complex circuit functions including signal switching, routing, amplification,
digitization and Boolean logic operations. Such serial connection and the resultant
information pipelining have engendered the following fundamental limitations on the
performance of the CMOS technology:

1. Cumulative delay. The circuit latency consists of the time for the electrical



signal to traverse the entire circuit network, and the time for individual transistor or
group of transistors to switch their output state upon the input change, known as
the path delay and the state delay, respectively. In CMOS circuit, the later stage
cannot generate meaningful result unless the outputs from all of its previous stages
have stabilized. This phenomenon dictates both the path delay and the state delay
to be cumulative.

2. Excessive power consumption. Although the final output is in most cases the
only output of significance, the serial cascading of the circuit components requires
all intermediate results to be calculated, cached and propagated, producing power
consumption associated with each individual step.

3. Limited bandwidth. Ultrafast movement of electrons is inhibited by the finite
carrier mobility and the nonideality of common metal and semiconductor materials.
The speed limitation is worsened by the parasitic resistance and capacitance of the
circuit design. Such delay will scale up significantly with increasing complexity of the
circuit. The potential large bandwidth and high propagation speed helps photonic
circuitry to be proposed against the above-mentioned challenges faced by its electronic
counterpart. For example, analog-to-digital converters (ADC) with the potential of
high speed operation have been demonstrated by optical-assisted or all-optical ap-
proaches [20, 21, 22, 23]. Photonic logic has also been reported in numerous works by
coding the Boolean information in the amplitude, phase or wavelength of the optical
signals [24, 25, 26, 27]. Despite these efforts, however, the key element to address
the fundamental deficiencies of CMOS circuit remained missing. The use of optical
frequencies in these works brought about common shortcomings including dimension
mismatch, lack of coherent detection, inflexibility, susceptibility to mechanical and
environmental variations, and the presence of bulky optical elements (i.e., mirrors,
beam splitters, lenses, etc.). More seriously, these works inherited sequential circuit

designs directly from CMOS. It indicates that the cumulative delay still dominated



the speed performance, which prevented further decrease of the circuit latency.

There have been many efforts to utilize surface modes in THz region, various
structures have been employed and studied. For example, K. Wang et al. first
proposed the transmission of THz radiation as a radially polarized mode on metal
wires [28]. Due to the small surface area of the metal wire, the loss is shown to be
much smaller than any conventional waveguiding structures available at that time.
The TEM-like dispersion relation also minimized the group velocity dispersion, which
is critical for time-domain applications where pulsed THz radiations are typically
used.

A newly developed method to overcome the group velocity dispersion of terahertz
wave and weak guiding at THz frequencies is the utilization of spoof surface palasmon
polariton (SSPP) waves confined to the periodically corrugated metallic structures.
Such features can be holes, slits, or dimples. Although extraordinary optical trans-
mission for light shining on such surfaces has been studied even before Pendrys work,
the main contribution of this work is to conclude that the enhanced subwavelength
transmission and E-M field localization can be explained by the existence of spoofed
surface plasmon mode on the modified surfaces. He showed that for this kind of mode
it is possible to define an effective permittivity which is a is apparently dependent on
the geometric dimensions as well as the choice of materials of the modified surface.
As long as the periodicity and dimensions of the resonators are much smaller than
the wavelength of operation, it is possible to replace the corrugated conducting struc-
ture with a metal whose plasma frequency depends on the geometric properties of the
grooves. This is the reason that the term spoof surface plasmons used for the confined
surface waves propagating along the corrugated perfectly-conducting surface [29, 30].
The Importance of Pendrys work not only lies in the unified theoretical treatment
of the spoof surface plasmon on corrugated surfaces, but also in the fact that such

resonance can be modified by adjusting the design of the periodic surface features



toward the desired specifications.

Following Pendrys work, different metallic surfaces with periodic structures are
studied in order to investigate the transmission, guiding and focusing of E-M radia-
tions, mostly in THz frequencies. For example, C. R. Williams et al. have studied the
metal surface perforated with 2-D periodic square holes both quasi-analytically and
numerically [31]. They also performed experiments to characterize the mode confine-
ment, and they have shown an increase of approximately two orders of magnitude
in terms of mode confinement has been observed for the modified surface compared
with the flat structure. Their work proves the Pendrys theoretical prediction, where
he claimed strong mode localization within the surface of periodic structure is antic-
ipated [30].

In the light of the aforementioned challenges, we foresee the implementation of
THz circuitry as the next reasonable step to take in designing high-speed analog as
well as digital circuits. As mentioned in the beginning, THz is easier to be imple-
mented and integrated with electronics as opposed to optics. The use of this fre-
quency domain, when combined with innovative architecture design, will address the
fundamental issues that the CMOS circuits are facing at the moment. Unlike optical
frequencies, the THz signals are most effectively transmitted and modulated using
sub-wavelength surface-mode architectures. We plan to design THz directed logic
elements by employing periodically modified metamaterial architectures. These ele-
ments can be organized into various setups to realize different circuit functionalities.
This thesis is organized as follows:

In Chapter II, by inserting periodic grooves along the direction of propagation in
a cylindrical waveguide, a corrugated SSPP waveguide has been constructed. This
structure shows strong confinement of electromagnetic energy inside the grooves near
their resonant frequency. This property makes it applicable in narrowband THz

circuits such as filter or active switches or polarizer rotators. By applying special



materials into the circular SSPP waveguide, for example, anisotropic dielectric, the
polarization state of the THz travelling wave, will be preferably selected at input and
will evolve while propagating. If, in addition, we can control the refractive indices
through external stimuli, we can accommodate the output polarization of the THz
signal to our needs.

Chapter I1II introduces a new THz switch comprising the (cylindrical spoof surface
plasmon polariton) C-SSPP structure. We demonstrate that the C-SSPP has strong
mode confinement, discrete transmission bands, and high quality factor in THz do-
main. The proposed switch works based on waveguide-cavity-waveguide (WCW)
structure. The cavity is connected to identical corrugated cylindrical waveguides in
both sides. The new structure can work as an active switch or modulator. Fur-
thermore, the high-quality factor cavity and small effective area enable the device
to function at the small refractive index modulation ((dng4)ng ) induced by applying
voltage to the metal electrode connections.

Chapter IV discusses about analog to digital converter based on the spatial detec-
tion. The key mechanism behind spatial detection is the deflection of output signal
at different angles with changing analog input. In order to realize this functionality,
spoofed surface plasmon polariton (SSPP) architecture is employed. Such structure
features SSPP mode with a slow-wave nature and strong field confinement. These
properties are not only critical to the THz signal transmission over distance, but are
also the key for localized modulation of the THz signals with enhanced efficiency.
We have shown that the phase constant of the one dimensional SSPP (1D-SSPP) is
sensitive enough to the refractive index of the material inside the grooves. Then using
the plasmonic behavior of the 1D-SSPP dispersion diagram and its sensitivity to the
refractive index inside the grooves, we have shown that one can reach beam steering
around 42 degrees in a short length of the waveguide.

In Chapter V, we have presented an investigation of the SSPP beam splitter, one



of the key elements of many optical setups. In contrast with conventional free space
implementations, in the case of the SSPP beam splitter one can no longer disregard
scattering of incoming wave back into the input channels. Thus, SSPP implementa-
tions must take into consideration both the splitting ratio and the backscattering as
important parameters characterizing the beam splitter. Three different designs rep-
resenting different approaches to solving the problem of the relation between these
parameters are investigated. The mathematical formalism to study the dispersion
diagrams is proposed. The frequency dependence of splitting ratio, scattering param-
eters and backscattering for each beam splitter is investigated. Finally, by employing
one of the proposed beam splitter a controllable filter is designed and analyzed.

In Chapter VI, the Maxwell stress tensor for the field inside a spoof surface plas-
mon polariton (SSPP) waveguide and the electromagnetic force distribution acting
on a dielectric particle are investigated. We have shown that for particles made of
material with the dielectric function slightly different from that of the medium filling
the waveguide, the force distribution is fully described by the SSPP field in the ab-
sence of the particle. The spatial profile of the field strongly depends on the relation
between the operating frequency and the SSPP resonance frequency. We have illus-
trated that varying the characteristic frequencies introduces a switching effect, when
the direction of the force along the waveguide axis changes its direction (from toward
the grooves to away from them). We have proposed a pumping mechanism based on
force acting on a small particle inside the SSPP waveguide

Chapter VII's objectives is to offer a highly sensitive THz sensor for detection of
hazardous material and biological agents. At first single and double ring resonator are
placed on a single unit-cell and are investigated. A thin layer of dielectric is added on
top of the metallic rings to increase field concentration near the rings and increases the
THz wave matter interactions. At the end, by constructing a hybrid Fano-resonant

metallic microstructure array-insulator-metal (MIM) configuration, a novel absorp-



tive metamaterial cavity sensor is proposed. The sensitivity and resolution of meta-
material sensors are compared with the current state of the art metamaterial THz
Sensors.

In the last chapter of this thesis, we have discussed about the fabrication of some
SSPP waveguide and the future plan to improve the quality of previous fabricated
samples. ALso a new one-dimensional structure that can support SSPP modes with

much simpler fabrication process is suggested.



CHAPTER II

THz Polarization Controller Based on Cylindrical

Spoof Surface Plasmon Polariton (C-SSPP)

2.1 Introduction

Surface plasmons result from the oscillation of plasma along the interface of metal
and dielectric. It happens as a result of negative dielectric of certain metal below
the plasma frequency. There have been some theoretical and experimental works to
utilize these modes in frequency range (0.3-10 THz) [32, 33, 34]. Besides there are
efforts to utilize conventional waveguides such as metallic wires, tubes, index-guiding
silicon slab waveguides or sapphire fibers, etc. unfortunately the conventional metallic
tube waveguides are not suitable because of their high loss, Si waveguide are not
flexible and some waveguides such as sub-wavelength metal wire has high bending
loss and coupling difficulty [34, 35, 36, 37]. A newly developed method to overcome
the group velocity dispersion of terahertz wave and weak guiding at THz frequencies
is the utilization of spoof surface palasmon polariton (SSPP) waves confined to the
periodically corrugated metallic structures [38, 28, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48,
49, 50, 51, 52, 53, 54]. These SSPP modes exhibit features such as field enhancement
and localization. In this technique the transverse mode of SSPP follow the same

behavior of surface plasmons at interface of metal dielectric at optical frequencies.
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It has been first shown by Wang, et al that it is possible to have dispersion-less
propagation along metallic wire surrounded by dielectric at THz frequency [28]. Later
Pendry et al. proposed a periodic structure containing grooves at metallic dielectric
interface to support THz propagation [38].

As long as the periodicity and dimensions of the resonators are much smaller
than the wavelength of operation, it is possible to replace the corrugated conducting
structure with a metal whose plasma frequency depends on the depth of the grooves.
This is the reason that the term spoof surface plasmons used for the confined surface
waves propagating along the corrugated perfectly- conducting surface [55]. In [56, 57]
the corrugated SSPP structures have been realized by placing rectangular resonator
along the propagation path of rectangular waveguide and the parallel plate waveguide.

In our work, by inserting periodic grooves along the direction of propagation in
a cylindrical waveguide, a corrugated SSPP waveguide has been constructed. This
structure shows strong confinement of electromagnetic energy inside the grooves near
their resonant frequency. This property makes it applicable in narrowband THz
circuits such as filter or active switches or polarizer rotators. By applying special
materials into the circular SSPP waveguide, for example, anisotropic dielectric, the
polarization state of the THz travelling wave, will be preferably selected at input and
will evolve while propagating. If, in addition, we can control the refractive indices
through external stimuli, we can accommodate the output polarization of the THz

signal to our needs.

2.2 Cylindrical Spoof Surface Plasmon Polariton (C-SSPP)

waveguide

The structure under investigation consists of a dielectric cylindrical part covered

by perfect electric conductor (PEC). As mentioned before, the proposed SSPP struc-
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ture is a periodic device. In order to calculate the dispersion relationship, electromag-
netic fields need to be calculated in one period. Figure 2.1 shows the overall view of
SSPP waveguide and the unit cell of structure. As can be seen, one period of waveg-

uide has been divided into two regions. Region 1 acts as a cylindrical waveguide,

while Region 2 is a cylindrical resonator.

'

d

PEC layer
Cylindrical

waveguide

Cylindrical
resonator

Figure 2.1: (a) Schematic view of the corrugated cylindrical waveguide. (b) The unit
cell of the structure.

In our convention,d is the period of the grooves, a and Ry represent the width and
radius of the grooves, while R; is the radius of the smooth part of the waveguide.
Moreover, the permittivity of Region 1 and grooves can be denoted by ny. Based on
Maxwells equations, mathematical expressions of the TM-polarized waves propagat-
ing in z direction along grooves are explicitly written out for both Regions 1 and 2.

To this goal the magnetic and electric vector potentials in Region 1 can be assumed

as Al = ’l/)alé and F1 = 1/)f12 In which:
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Va1 = In(kpp)cos(Ng)e (2.1a)

b1 = In(kyp)sin(Ng)e (2.1b)

In Equations (2.1a) and (2.1b), Ix(k,p) is the modified Bessel function of the
first kind, p represents radius and k, is propagation constant in direction of p. As
is common in solving Maxwell equations in periodic structures, the EM field can
be best represented by a Bloch-Floquet mode expansion.k]* , therefore, denotes the

wavevector of mth-order Bloch-Floquet mode along z-axis and is expressed by:

2mm
=k, + 2.2
K=kt — (2.2)

Similarly, the magnetic vector potential in Region 2 is assumed to be a vector

along the z-axis as expressed by Ay = 14,22 and F, = 22. In which:

Yaz = (AT H} (ko) + A~ Hyy (kpyp)cos(N)cos(~ ) (2.3a)

- : . nT

Vg2 = (B H (kyyp) + B HY (kppp)sin(No)sin( ") (23b)

The term cos(™*z) and sin("rz) is included in the expression in order to guarantee
that £, vanishes at z=0 inside the resonators. The fields are assumed as upward and
downward waves, and H}V’2(kp2p) are Hankel functions of the first and second kind,

respectively:
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H2 () = Jw(p) — iNw(p) (2.42)

HYy(p) = Jw(p) + iNw(p) (2.4b)

Having the electric and magnetic vector potential in both regions EM field components

can be calculated as follows:

L1 . .

D=—VXxVxA—-[]VXF (2.5a)
1w

— 1 — —

H=—VXxVXF+[]VxA (2.5b)
iwp

Where [¢] is a function refractive index of dielectric. We can write D and H fields in

both regions. For the T'M, modes D and H fields are as follow:

p,| | Ak Jikp)cosNe)e s ]
Do |= D | Aukshdu(kpp)sin(Ng)e e (2.6a)
D, m:_M Auw (k2 — k2) Iy (kpp)cos(Np)e '
H, o Am%JN(kpp)csin(N@e_ik?z ]
Hy | = D | —Awk, Ty (kyp)sin(Ng)e (2.6b)
H, me 0

Region 2:
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D, M o k(AT Ho (k2p) + A™ Hya (ky2p))cos(N¢)cos("2)
Dy | = > I (AT H (ko) + A Hi (ko) Jcos(N ) sin("2)
m=—M
D. | (K (52 (A HE (kyap) + AT (Kyap) cos(N @)cos (%) |
(2.7a)
H, u | AT ER (kp) + A HY (K jp))sin(N)cos (" 2)
o | = 32 | 4 Hialba) + 4~ i i hostVareo 22
m=—M
H. 0
(2.7b)
And for the TE, modes the D and H fields can be written as:
Region 1:
D, | BadIn(kpp)cos(Np)e
Dy | = D2 | BukoIn(kpp)sin(Ne)e (282)
m=—M
D. 0
Hy | | =Buik ko Ly (kp)sin(Ng)e 2=
Hy | = 32 | Bk I (bpp)eos(No)e (2:80)
H. By (ks — k") In (kpp)sin(N¢)e™ ™'
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Region 2:

D, o S kp2(BT Hyz(kpop) + B~ Hya (kyap))sin(Ne)cos("2) ]
Dy | = D | ke(B* Hya(kpp) + B~ Hy: (kiep))sin(Ne)sin("z)
p,| "V 0

(-2.9a)
B | | k(B HR 0 + B HY (hap))sin(No)cos(z22) |
Hy | = D | —X25(B* Hya(kop) + B Hy (kypop))cos(No)cos(222)
mo| " k(B (k0 + B Hy(kp))sin(No)sin(222) |

(2.9b)

Now that the full field expressions are derived, the boundary conditions for tangential
fields at the interface of Regions 1 and 2 need to be satisfied. As a << 1 the only
modes that can propagate in the grooves are the fundamental modes with n = 0 for
TM, and n =1 for TE, . Now we can implement the boundary conditions for D and
H fields. Writing the boundary condition for D, and H, can be further transcribed

as:

m=M

> =Bk — k) In(k,Ry)e ™" =

m=—M

(k2 — E N(BYH(k,,Ry) + B~ H) (kaRl)sm(%z)) (2.10)

And

m=M
N Ak — K In(k,Ry)e = =
m=—M

B ((AY H (ko Ra) + A™ Hy (ky R1) (2.11)

In addition, at p = Ry the tangential electric field should vanish. Therefore we
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have: ATH%(k,,Rs) = A~H}(ky,R2) and B*H%(k,,Rs) = B~ H(k,,R2). Then we
only need to write out the boundary condition for the remaining two fields,H4 and
D4 note that for T'M, mode Dy, = Dgy = 0. By solving the boundary condition and
eliminating B~ and A~the dispersion relation for the SSPP modes can be obtained

as:

m=M
D An(kg = K In(kpRy)em ™ = kg ((AYHR (kpyRa) + A”Hy (kpRy)  (2.12a)

m=—M

Am:(

—kp2) Hy (ko Ro) Hi (ko Ry) — Hi (ko Ro) Hy (K2 Ry) c2 (2.12b)
kp " Hy (kpoRo)HY (kppR1) — Hy (ko Ro)HY (ko Ry) ™

_ (@)H}v(kszz)Hsz/(kszl) — H} (kpRo)HY (kpnR1) (2.120)
"k HY (kpRo)HE (kpaRi) — Hy (ko Ro)HY (ke Ri) ™
A = Hy(kpaRo) Hy (kpo Ri) — Hy (koo Ro) Hiy (K2 R ) (2.12d)
B = Hy(kypRy)HY (kpoRy) — Hy (kpoRy)HY,' (ko Ry) (2.12¢)

By finding the eigenvalues of Equation 2.12a, the dispersion diagram for hybrid modes
can be obtained. For special cases, if there is just T'M, modes inside the waveguide,

Equation 2.12a reduces to:

"‘g (ko Bu(koBa) Hy (ko Ro) R (ko o) = Hi (ko Fo) B (kinFir) Gy _
m—— M kp IN(kPRl) H11\7<kp2R2)H12V/(kp2Rl) - Hj%f(kp2R2)Hjlvl(kp2Rl) %
(2.13)
For the TE, modes, we have:
(ﬁ)[N(kpRl) Hy (koo Ro)HY (kp2Ry) — HY (k2 Ro) HY (ko Ba) Cy ]
Sy Ko Iy (ko Ry) Hy (K Ro)HY (K2 ) — HY (K Ro) Hy (Ko Ra) 5
(2.14)
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where, the additional variables are defined as:

Cp = \/gsz'nc(w) (2.15a)

2m
K2+ kK = niK] (2.15b)
n27r2
k2 +— =niK; (2.15¢)

Note that the dispersion equations in Equations (2.12a), (2.13), and (2.14) are not
only a function of cylindrical waveguide geometries but also depend on the refractive
index of the dielectric inside the SSPP.

It was mentioned before that a << 1, and the only modes that can propagate
inside the grooves are the fundamental modes with n = 0 for TM, and n =1 for TE,
. Based on Equations (2.8a),(2.8), (2.9a), and (2.9b), there will be no TE, modes
inside grooves; it can exist just at very high frequency in which the wavelength is
comparable to the width of the grooves. Fortunately, this case is not of our interest.
Then, we can have TE, in smooth parts of waveguide but inside the grooves there
will be only T'M, modes. The dominant mode in the smooth part of cylindrical
waveguide is T'F1; and to satisfy the boundary conditions, the 7'M mode inside the

grooves should be T M.

2.3 Numerical results and discussion

Now that we have developed a mathematical model for the corrugated cylindrical
SSPP architectures, the dispersion diagram of such a structure can be obtained by
numerically solving Equations (2.13) and (2.14).

Figure 2.2 for example, shows the dispersion diagram of the azimuthal mode with

N = 0 for a structure with the dimensions of Ry = 120 um, Ry = 200 um,d = 100 um
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Figure 2.2: Dispersion diagram of cylindrical SSPP structure. (b, ¢) distribution
in cross section of SSPP waveguide at two different frequencies. (d, e)
Electric field magnitude along z-direction inside the waveguide.

and a = 30 um . As can be observed, around a normalized frequency of 0.31 (17'H z)

(point B) the SSPP waveguide can act as a slow wave structure. A transmission band

gap exists as the structure reaches its resonance state. In Figure 2.2 (b) and (c) the

field distributions are illustrated at two different frequencies, the cross section and

along the z-direction inside the waveguide at corresponding frequencies. It can be seen

that most of the energy is concentrated in the center region of the SSPP waveguide
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when it is off resonance. The EM field confinement within the groove region is clearly
demonstrated when the frequency is close to the band gap. In Figure 2.2(a) the
behavior of the dispersion diagram of first mode is like the dispersion of surface
plasmons along the dielectric metal interface. As a result, we can assume this mode
as a SSPP mode with the normalized resonant frequencies of 0.314. The resonant
frequency of SSPP waveguide is determined by the resonant frequency of grooves.
The two parameters to tailor the resonant frequency of the grooves are width and
height. In our case, the height is much larger than the width. Then, the resonance
along the width occurs in smaller wavelengths compared to the resonance along the
height. As our wavelength of interest is comparable to the height, by adjusting the
height of the grooves we can control the resonant frequency. As it was mentioned
prior, the dominant modes in resonator are TM modes. Thus the resonant frequency
can be approximated by using the conventional formula for TM resonant frequency
of ring resonators.

For the purpose of comparison, the transmission characteristics of the cylindrical
SSPP waveguide are calculated using HFSS [58] and are included here in Figure 2.3.
The dimensions of SSPP waveguide under investigation are Ry = 120 pum, Ry =
200 um,d = 100 um and a = 30 um. Based on Fig. 3 a band gap around f =
0.95 THz is clearly observed, which is in agreement with the result we obtained by
applying our analytical model in Figure 2.2.

In figure 2.4 the dispersion diagram for different azimuthal modes (N = 1 4)
is illustrated. Dimensions of the waveguide in this case remain the same as the
structure studied in Figure 2.2. It can be observed that with higher order azimuthal
mode, the dispersion curve becomes closer to the light line. As a result, the slow-
wave propagation of the input signal in such mode will be observed at slightly higher
frequency.

Figure 2.4 shows E, intensity at certain frequency below the light line for N =4
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Figure 2.3: Transmission characteristic of cylindrical waveguide for R; =
120 pm, Ry = 200 pm,d = 100 pm and a = 30 um
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Figure 2.4: Dispersion diagram for different azimuthal modes. distribution in cross
section of SSPP waveguide for (b) azimuthal mode N=4 and normalized
frequency of 0.3537 (c) azimuthal mode N = 4 and normalized frequency
of 0.3218.

and N = 1 which is obtained using our analytical modeling. It can be seen, that

a great portion of the power is confined in the resonators. Figure 2.5, on the other
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hand, shows the dispersion diagram for first azimuthal mode and different groove
dimensions. Other waveguide dimensions in Figure 2.5 are kept as R1 = 120 um, Ry =
200 um,d = 100 um and a = 30 um. It is seen in Figure 2.5 that larger groove
size in general results in lowered dispersion curves. In addition, narrower passing
band is also observed as the groove becomes larger. An intuitive explanation to this
phenomenon is the more significant mismatch between the two waveguiding sections
in this scenario, which makes it more susceptible to any frequency shift from the

transmission maximum.
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Figure 2.5: Dispersion diagram for first azimuthal mode with different groove height.

2.4 Polarization controller

In this section, by inserting the anisotropic dielectric material inside the SSPP
waveguide, a polarization rotator is constructed. It has been discussed that the
Equations (2.13) and (2.14) are function of refractive index. This means that by
changing the refractive index inside the waveguide, the propagation constant can be

tuned; if the refractive indices in the x and y direction are not equal, each electric
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component in the x and y direction will experience a different propagation constant.
As a result, if we expand the input polarization in terms of the x and y polarization
state, it is possible to insert phase difference between these two components along
the propagation path. This can lead to the polarization state change which is valid
if the polarization state of the input wave can be determined. Figure 2.6 shows how

electric field direction evolves while propagating.

Figure 2.6: Schematic view of the rotation of electric field inside the waveguide.

Figure 2.7 shows the electric fields inside the circular waveguide. As can be seen,
in the circular waveguide the electric fields at dominant mode are not particularly

in a specific direction, but it is possible to assume that they are mostly in a certain

direction (in this case in y = —z direction).
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Figure 2.7: The polarization of electric field inside the circular waveguide.

Figure 2.8 shows the dispersion diagram of the SSPP waveguide for two different

23



sets of refractive indices: (n,,n,,n,) = (1.501,1.501, 1.501) and (1.501, 1.680, 1.501).
The dimensions are Ry = 120 um, Ry = 200 pm,d = 100 pum and a = 20 um. As can
be seen, if the operation frequency is in the flat part of dispersion diagram, where the
behavior of the dispersion diagram is like the dispersion of surface plasmons along the
dielectric metal interface, the phase different between the z and y electric components
compare to the conventional circular waveguide would be greater. Then the required

waveguide length to evolve the polarization state of the input signal would be smaller.
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Figure 2.8: The dispersion diagram of the same SSPP for two different sets of refrac-
tive indices: (ng,n,,n.) = (1.501,1.501,1.501) and (1.501,1.680, 1.501).

Figure 2.9 shows the polarization of electric field inside the SSPP waveguide for
Ny = ny = n, = 1.501 at 0.5507'Hz. As the dominant mode in the SSPP waveguide
is for N = 1, then, if for example the input electric fields are in the x direction,
the most part of the power will be along the F, . Then n, will be seen inside
the waveguide. Therefore, to find the dispersion diagram for SSPP waveguide with
anisotropic dielectric inside it, it is possible to use the Equation (2.13) in this case. To

change the horizontal polarization to vertical state or vice versa, it is needed at first
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to decompose the input wave into vertical and horizontal polarization, respectively.
Then, by inserting 180 degree phase change between them, the polarization state will

rotate.

Figure 2.9: The polarization of electric field inside the SSPP waveguide for
(ng, ny,n.) = (1.501,1.501, 1.501).

To simulate this process in HFSS it is necessary at first to control the input
polarization. To this goal, the excitation of SSPP is done by a rectangular waveguide.
This will forcefully define the input polarization. To decompose the input polarization
into two polarization states, it is just enough to rotate the rectangular waveguide in
respect to the x or y axis. Figure 2.9 shows output polarization for the two set of
refractive indices of Figure 2.8. The length of linear polarization rotator is about
5 periods. The length of the SSPP waveguide to rotate the polarization can be

calculated using the following simple formula:

™

| =
B2 — B

(2.16)

In the above, By and 3, are propagation constants in two refraction indices. To
change the horizontal polarization to circular or elliptical state, the 180 degrees of

phase change between z and y elements of electric fields should be reduced to 90
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degrees. Then in Equation (2.16) the length of the waveguide just need to be half
of previous one. Figure 10 shows the dispersion diagram of SSPP waveguide. The
dimensions are R; = 120 um, Ry = 200 pum,d = 100 pm and a = 20 pm. The length

of circular polarization rotator is about 3 periods.
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Figure 2.10: The dispersion diagram of SSPP for two different sets of refractive in-
dices: (ng,ny,n,) = (1.501,1.501,1.501) and (1.501,1.680, 1.501).

Figure 2.11 shows output polarization for the SSPP waveguide with dispersion
diagram shown in Figure 2.10. The electric fields are shown in for different time
slots. As can be seen the output fields direction is rotating in time. It is worthy to
note that if the calculated length was not the integer multiplicand of the periodicity,
then the simulation result may be a little bit different from what was expected. In

that case, some tuning is required to get the desired result.
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Figure 2.11: Rotation of electric field inside the SSPP waveguide for different times
at 0.5107T' H z.
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CHAPTER III

Terahertz Switch Based on
Waveguide-Cavity-Waveguide Comprising
Cylindrical Spoof Surface Plasmon Polariton

(C-SSPP)

The THz generation and detection techniques have been available for years, but
there have been few reports on commercial THz products until now [59]. One reason
is due to the lack of components to do manipulations and operations on THz signals.
In the area of designing controllable THz devices such as Boolean gates; metama-
terials, liquid crystal (LC), or nonlinear metamaterials are potentially suitable, as
they have low absorption in the THz range. But there are still some challenges that
need to be resolved before those devices can be used in THz Boolean circuitry. For
the LCs, distributed voltage needs to be applied along the LC to make it uniformly
polarized. Also, the switching speed of LCs is significantly slow. The metamaterial
structures are comparably big with respect to LC structure and they work in free
space communications. Kerr materials need to be pumped by optical signals to tune
their loss or refractive index. This requires mostly high power optical pumping. To
overcome the mentioned problems about LCs and Kerr materials, semiconductors (Si,

InSh) are used [60, 61, 62], then by free carrier injection through a p-i-n junction, the
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transmittance, or coupling efficiency, of their proposed structures in THz frequencies
can be controlled. Due to the large imaginary part of Si permittivity in THz range,
such design can only be effectively used up to near-infrared frequencies. In this chap-
ter, we propose a new THz switch comprising the (cylindrical spoof surface plasmon
polariton) C-SSPP structure. We demonstrate that the C-SSPP has strong mode
confinement, discrete transmission bands, and high quality factor in THz domain.
The proposed switch works based on waveguide-cavity-waveguide (WCW) structure.
The cavity is connected to identical corrugated cylindrical waveguides in both sides.
The new structure can work as an active switch or modulator. Furthermore, the high
quality factor cavity and small effective area enable the device to function at the small
refractive index modulation (%i) induced by applying voltage to the metal electrode

connections.

3.1 WCW structure and the Drude model

In this section, we investigate the waveguide-cavity-waveguide structure for THz
switches and the mechanism to control the flow of electromagnetic fields inside the
structure. The dielectric constant of a semiconductor can be described as a function

of frequency using the Drude model [63, 64]

wQ

p
= — —— L2 1
€(w) = €x (@ +iT) (3.1)
in which
Ne?
= 3.2
Wp Metto (3.2a)
2
oo = €419 (3.2b)
wrLo

29



To implement the optical phonon vibrations of crystal lattice in heteropolar semi-
conductor at higher frequency, the Drude model needs some modifications. For the
heteropolar semiconducturs, the split of transverse and longtitidinal phonon energies
at zero momentum give rise to an extra term in the permittivity calculation formula.

The modified Drude model can be described as [64]

2 2 2
Wwro® — Wro Wy
= (1 — — : 3.3
€(w) = eaoll + wro? —w? —iwy  w(w+ ZwF)) (33)

The variables in Equation (3.3) are explained in Table 3.1. Using Equation (3.3), the
dielectric constant of GaAs is calculated versus frequency in Figure 3.1(a). The effect
of phonon resonances can be observed by the sharp peak in the imaginary part of per-
mittivity. Figure 3.1(b) shows the real and imaginary parts of the dielectric constant

as a function of carrier density (/) in semiconductor at frequency of 10.5 TH z.

€0 Vacuum Permittivity
€s Static dielectric constant
e Electron charge

wro | Longitudinal optical phonon resonance
wro | Transverse optical phonon resonance

r Free carrier coherent decay factor
Me Electron effective mass

y Phonon damping constant

N Free carrier density

Table 3.1: Variables in modified Drude dielectric constant model

Kramers-Kronig relationship dictates coupled evolution of the real and imaginary
parts of the dielectric constant. Then a change in absorption must be accompanied
by the shift in phase accumulation or real part. In Figure 3.1, it is shown that by
increasing the carrier density, the real part decreases and the imaginary part increases.
In other words, higher carrier density results in higher loss. In this paper, the carrier

density for the doped region is set to be N = 2 x 10'7 Cm~3 and the corresponding
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permittivity is 16.69 + i4.67. As can be seen in Figure 3.1(a), there is an abrupt
change in the real part of permittivity around 8.0 THz. Our operational frequency is
set around 10.5 THz where the real and imaginary part of permittivity shows milder
change versus frequency. The calculated permittivity at 10.5 THz is 8.01 + ¢0.05.
There are other materials that can be used as a substitution for GaAs, such as InSb
or Si. However, GaAs is preferable because of its low intrinsic free carrier density and

higher carrier mobility compared to other mentioned choices.

250 : " ; - 15 . . -
(a) —Imzllgmary part (b)  |—TImaginary part
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1ot Real part
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Figure 3.1: Real and imaginary part of GaAs permittivity as a function of frequency
for free carrier density of N = 2 x 10" Cm~3(b) Real and imaginary

part of permittivity as a function of free carrier density at frequency of
10 THz.

Enhancement and depletion modes are known as a working mode based on injec-
tion and depletion of free carriers in the doped semiconductor. These two modes are
being used in this section and the following section to describe the THz switch states.
Now, we focus on the waveguide-cavity-waveguide (WCW) structure with potential
application as THz switch or filter. Figure 3.2(a) shows the schematic view of our
proposed WCW THz switch, consisting of two parts: cavity and waveguide. The
waveguide can be assumed as equally-spaced cylindrical resonators, which are placed

along the cylindrical waveguide. Figure 3.2(b) illustrates the wave propagation mech-

anism in the WCW structure. As shown, the structure can be regarded as equally
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spaced resonator array. When the resonant frequencies of both parts are the same,
the EM wave can couple from the waveguide to cavity and vice versa. Then to obtain
the highest transmission in the switch it is essential that wy, and w. coincide. In the
next part, we use a mathematical model to describe the power transmission in the
proposed structure, and then we investigate the parameters that are taking effect in

the power transmission characteristic.

Reflected

Figure 3.2: Schematic view of the THz waveguide-cavity-waveguide structure. (b)
The THz waveguide and cavity can be assumed as equally spaced cylin-
drical resonators array. the coupling frequency for waveguide and cavity
resonators are wy, and w, respectively.

Using temporal coupled-wave analysis (TWCA), the transmission and the reflec-

tion of waveguide-cavity can be described as [65, 66]

2
T(w) = @ wW)2 e (3.4a)
(w— ww)
R(w) = © ww)2 T (3.4Db)



And Gamma, can be described using:

T, = (3.5)

In the Equations (3.4a) and (3.4b), the cavity decay rate (I'y) is assumed to be
smaller than the cavity coupling ratio (I'.). This assumption is acceptable in our case
as the loss is very small. The w, is the resonant frequency of the cavity that can
be controlled by changing the grooves height or altering the refractive index inside
the dielectric. The grooves height is predetermined and cannot be changed after
design so the only option to tune the resonant frequency is changing the refractive
index. In this design, when there is no stimuli and the operating frequency is far from
cavitys resonant frequency compared to I'. , (Jw — w.| >> T.), all the power reflects
back and the switch is in the off-state. When the operation frequency is close to the
cavitys resonant frequency (Jw — w.| << I';), the transmission in Equation (3.4a) is
approximately 1 and the switch is in the on-state. In order to introduce the parameters

that can enhance the switching ratio we approximate Equation (3.5) as:

(3.6)

The T'. is described as a function of reflective coefficient R and V| group velocity .
Based on Equations (3.4a), (3.4b) and (3.5), to enhance the switching ratio we need to
increase the reflective coefficient and decrease group velocity by employing slow waves.
Then to achieve the high switching ratio, two main parameters of the cavity should
be taken into account: the quality factor that is inversely proportional to cavity decay
rate in Equation (3.6), and the effective volume V., that controls the cavitys photon

intensity [67]. The proposed C-SSPP structure can support the slow waves that have
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small group velocity. Additionally, the cavity can trap electromagnetic waves for a
significant period of time, resulting in a high quality factor. Then based on what was
discussed in the previous paragraph, this structure can have a high switching ratio. In
our design, the cavity and waveguides portions are identical, but they are separated
from the waveguide through inserting a circular iris between the waveguides and the
cavity. If there is no iris between the cavity and waveguides, the structure acts like
a band reject filter. However, when inserting the iris between the waveguide and
cavity it acts as a band pass filter. By changing the iris radius, we can adjust the
passing bandwidth. In other words, inserting the iris and changing its radius alter the
effective volume and, as a result, quality factor and cavitys bandwidth change. The
simulations show that by decreasing the iris radius the bandwidth is also reduced. It
is noteworthy that the relative bandwidth in the switch with longer cavity lengths is

bigger due to the higher loss.

3.2 Depletion mode performance

By tuning the waveguide-cavity coupling ratio the power transmission can be ad-
justed. Based on Equation (3.5), the I', is a function of the cavity resonant frequency.
Utilizing the depletion mode to change the dielectric refractive index inside the cavity,
the resonant frequency can be altered. As the cavity quality factor is high, the small
change in refractive index can change the resonance frequency such that the WCW
switches from one state to another state.

Figure 3.3 shows the power transmission for two different refractive indices inside
the cavity. In this plot, the GaAs refractive index is assumed to be constant over the
entire cavity. The cavity length is set to be 3 periods to increase the interaction of
electromagnetic waves with the refractive index inside the cavity. By changing the
real part of permittivity from 8.05 to 8.1 the resonant frequency shifts from 10.72

THz to 10.78 THz. In principle, as permittivity increases, the resonant frequency of
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Figure 3.3: Power transmission versus frequency for different values of GaAs permit-
tivity.

the cavity shifts to lower frequencies. Likewise, when the permittivity decreases the
resonant frequency shifts to higher frequencies. Due to technological constraints, it
is not practical to alter the refractive index value in the entire cavity. As mentioned
earlier by setting the operating frequency near the grooves resonant frequency most of
the electromagnetic (EM) power concentrates inside the grooves. Then by changing
the refractive index in a portion of the grooves cavity, it is possible to control the flow
of electromagnetic waves.

In the final design, the free carrier concentration of GaAs inside the grooves cavity
is set to N = 2 x 10' Cm™3 Since the doping concentration is higher than its
intrinsic carrier density (N = 2 x 10° C'm™3), we can utilize the depletion mode
in our structure. Where the metal electrode in the cylindrical resonator and the
GaAs dielectric contact, a Schottky contact is formed. By applying a voltage to the
electrodes the depletion zone below the metals will appear. The depletion thickness

can be calculated using [64]
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2¢,60(Viy +V
Ddepletion - \/% (37)

In which, V' is the applied voltage to the patches and Vj; is the built-in voltage
of semiconductor metal junction. Other variables are described in table. I. For the

GaAs-metal junction the V,; = 0.75 V .
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Figure 3.4: Resonant frequency of cavity versus the applying voltage across the metal

contact. The figure in the inset shows how the electrodes are connected
to the cavity.

By changing the voltage across the electrodes, the depletion depth will be formed
and the effective permittivity of GaAs can be tuned. The switch state can alter from
on to off and vice versa by controlling the depletion region in a layer of GaAs that
is thin relative to the grooves width. Figure 3.4 shows the resonant frequency versus
different voltages. The permittivity of the depletion region can be calculated setting
N = 0 in Equation (3.3). This results in € = 8.051 + ¢0.05 which is close to the

intrinsic value of permittivity with N = 2 x 10°® Cm™3. By increasing the voltage,
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the depth of the depletion region increases, which leads to a decrease in the effective
permittivity of the dielectric inside the cavity. As mentioned earlier, decrease in
permittivity will shift the resonant frequency to higher. Figure 3.5 shows the power
transmission for two different voltages across the metal contacts and electric field
magnitude at two different frequencies when the voltage is set to be V=2 V. As
depicted in Figure 3.5(b), when the operating frequency is at 10.58 THz the power
transmission has its maximum value and the electric fields concentration is maximum
inside the grooves. By increasing or decreasing the frequency from 10.58 THz the
power transmission is reduced. Figure 3.5(c) shows the electric fields magnitude at

10.59 THz. As can be seen, the electric fields are weaker in the cavity.
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Figure 3.5: (a) Power transmission at two different voltages. (b) Electric field mag-
nitude at 10.58 THz (c) Electric field magnitude at 10.59 THz.
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CHAPTER IV

Analog to Digital Converter Using Single Sided

Corrugated Waveguide

Exponential growth of information technology markets feeds the need for higher
sample rate for the communication systems. This leads to ultra-high-speed analog-
to-digital (ADC) converters as an incumbent part of communications systems. The
ADCs based on the spatial detection have been widely used by numerous optical
designers throughout the literature [68, 69, 2]. The key mechanism behind spatial
detection is the deflection of output signal at different angles with changing analog
input. In order to realize this functionality, spoofed surface plasmon polariton (SSPP)
architecture is employed. Such structure features SSPP mode with a slow-wave nature
and strong field confinement. These properties are not only critical to the THz signal
transmission over distance, but are also the key for localized modulation of the THz
signals with enhanced efficiency. We show that the phase constant of the 1D-SSPP is
sensitive enough to the refractive index of the material inside the grooves. Then using
the plasmonic behavior of the 1D-SSPP dispersion diagram and its sensitivity to the
refractive index inside the grooves, we show that one can reach beam steering around
42 degrees in a short waveguide. Figure 4.1 shows the schematic view of the single
sided SSPP structure. It consists of metallic corrugated layer covered by a layer of

dielectric.
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(b)

(a)

Figure 4.1: (a) Schematic view of the 1D SSPP (b) Cross section of the 1D waveguide.

The dispersion equation of an SSPP waveguide embedded into a dielectric with

index can be written as [70]

PX(P, B)tan(Ph) = 1 (4.1)

where in the 2D limit P = wn/c and X(P,8) = "=, 82 /k™ with S2, =

sinc(Q™a/2)a/d and k™ = \/ (B + 2mm/d)* — P2, where we have taken into account
that outside of the grooves we have attenuated field. These expressions are valid in
slightly more general case of structures with finite width , in which case we have
P2 = (wn/c)® — (m/W)?, but we will stick to the 2D limit. We consider two limiting
cases: near zero frequency, where the dispersion curve goes close to the light-line, and
near the SSPP plasma frequency, where the curve is far from the light-line.

The first situation takes place when Sh << 7/2 and we can approximate P 5 — ¢
. In this case it is sufficient to leave only m = 0 term in the expression for X (P, f3)

and we obtain

P:ﬁﬂ—ﬁfﬁ
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In the opposite case, we take P = P, —§, where P, = 7/2h determines the plasma

frequency (reached asymptotically in the limit A/d >> 1. Then, we find

P = B(1— =21 (4.3)

Here, retaining only the zeroth term is not that well justified, especially if § is
too close to the boundary of the Brillouin zone 3/d . If, nevertheless, we make this

approximation, we obtain

P=P,(1— i ) (4.4)

h2B? — (m/2)?

We can use this equation for finding the variation of 8 when the refractive index

of the dielectric changes, while frequency remains fixed,

S%h—1

1 —wn/P,c (4:5)

B(n)

This approximation is valid, when §(n) < 7/d. Figure 4.2 shows the dispersion
diagram using Equation (4.5) for different dielectric refractive indices. As can be
seen, by altering the refractive index of dielectric over the corrugated structure the
phase constant changes.

Figure 4.3 illustrates the magnitude of electric field disturbution along the struc-
ture. The operating frequency is chosen to be near the cavity resonant frequency and
the magnitude of E-field are ploted in the cross section of the structure. As can be
seen we have high concentration of E-filed inside the grooves.

We have shown the single sided corrugated structure can support SSPP and has
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Figure 4.2: Dispersion diagram of the sample 1D SSPP waveguide. Dimensions are
d =50 um,h =40 um,a =5 um
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Figure 4.3: E-field disturbution along the structure at two different frequencies, (a)
at 100 GHz (b) at 600 GHz.

strong field confinement inside the grooves. Figure 4.4 shows the schematic view
of the proposed ADC. The ADC has two arms, grooves inside the arms are filled
by doped semiconductor, by implementing Schottky affect we can tune the output
pattern at the end stage of the two arms. In Figure 4.4, over the corrugated metallic
surface is covered by the dielectric layer and over the dielectric is free space. It is
also possible to cover the upper layer with a thin layer of metal. This will reduce the
height of the structure. This will require revision of the Equation (4.5) to find the
dispersion diagram.

The above structure has three stages, beam splitter, two corrugated arms and
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Figure 4.4: Schematic view of ADC using 1D corrugated SSPP waveguide.

detectors. As to make the simulations faster and easier in HFSS the beam splitter
is eliminated but the two arms are excited with same phase and amplitude signal.

Figure 4.5 shows the simulated structure in HF'SS.

Figure 4.5: Schematic view of MZI in HFSS.

Each arm acts as an antenna, then in our structure we have antenna array with
two elements. With the beam steering stage comprising a two-arm Mach-Zehnder
Interferometer (MZI) structure, the main lobe of the far-field radiation pattern is

rather broad. As mentioned before, the low quality factor of this spatial maximum
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poses challenges to realizing higher bit resolution, for which reason the detector array
operating at designated gain and saturation power needs to be adopted. In order
to further boost the bit-depth of the ADC, we plan to experiment on different ap-
proaches. One approach, for example, is to incorporate more phase shifting arms
into the beam steering stage, which will generate narrower radiation maxima. For
the purpose of comparison, the structure has been simulated for two different values
of refractive index. The radiation pattern has been shown in Figure 4.6. As can be
seen the new structure has sharper radiation pattern compare to the previous design
[71]. By changing the refractive index from 1 to 1.15 a deflection angle of around 15
degrees has been illustrated. The frequency of operation is set to be around 1.190
THz, which can be scaled to lower and higher frequencies.

The material to control the deflection angle of radiation pattern like the previous
design is GaAs. The real value of refractive index at the operation frequency of 10
THz is 6.91. By using the depletion mode, we can reduce the refractive index and
control the angle of radiation peak. Figure 4.7 shows the simulation result for two
different values of refractive indices. As seen by changing the refractive index from

6.91 to 6 the deflection angle of around 30 degrees can be observed.

4.1 Calculating the radiation pattern of rectangular array

waveguides

First we try to calculate the radiation pattern for our DC-SSPP structure, after
that we will use the same method to calculate the radiation pattern for our new ADC.
We can assume each arm as a rectangular aperture that acting as an antenna. The
dominant modes for this antenna is T'Eg the fields in the far field can be calculated

using [72]
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Figure 4.6: Radiation pattern (Power) for comparison with older design.
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E, = Eocos(?) (4.6a)

H, = Eoicos(%) (4.6b)
—ikr

Ey = ike%r Af, (0, 8)sin(¢) (4.6¢)
—ikr

Ey = ik——BY,(0, $)cos(¢) (4.6d)
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Figure 4.7: Radiation pattern (Electric field) for two different values of dielectric con-
stant in one of the arm.
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Figure 4.8: Electric field over waveguide aperture.

Where the f, (6, ¢) is the aperture Fourier transform of electric field:

a/2 b/2

fy(9>¢):/ /E(:U’,y’)eik”x,”kyy/da:’dy' (4.7)

—a/2 -b/2

Using the electric field for the lowest order modes in rectangular waveguide we
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will have the far field fields as follows:

cos(X) sinY

Ey = Asin(¢) Xo—27 Y (4.8a)

H, = Asm(e)cos(@%@ (4.8b)
2

X = %sin(@)cos(qﬁ) (4.8¢)

Y = %sin(Q)sz’n(gb) (4.8d)

In which, A is a constant, a and b are dimensions of the aperture and k is the
wavenumber. Those equations are for a single aperture antenna, but if we have more
arms the final pattern can be found using linear array formula, the array factor is as

follow:

AF = [%] ~ Nsinc(N¢/2), ¢ = kdcos(0 + 3) (4.9)

Where, d is the distance between arms and 3 is phase difference between each
arm. Figure 4.9 shows the radiated fields in H-plane where ¢ = 0. They show by
increasing the number of arrays and also by increasing the waveguide dimensions we
can achieve higher directivity. The higher directivity means the array factor will have
a sharper peak at 1» = 0 and the ADCs bit resolution will increase. Increasing the
arms make the design much complicated in the ADC. Then in our design we set the

number of arms to 2 but we set the waveguide dimensions as big as possible.
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Figure 4.9: Radiation field for two and three arms (b) radiation field for different
waveguide dimensions.

4.2 Radiation pattern for rectangular dielectric aperture an-

tenna

For a dielectric slab waveguide with dimensions and in free space the electric field

distribution can be approximated as:

cos(kyx)cos(kyy) |yl <b, |z] <a

E, = (4.10)
e~ wlylg—azlz] otherwise
where:
kuy = \/ (wpe)® — k2 (4.11a)
gy = \/ K2 — (wpe)? (4.11b)

Using the above equation, the Fourier transform of electric field for the aperture will
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be derived as:

—00 —0O0

fy(e; (b) _ / E(x’, y/)eikzwl+ikyy/dx/dy/

—a

= /e“’“yy/e_“y“/'cos(lcyy’)aly’(/eo‘ﬂ“”eik””x/d;lc’jL

/cos(l{:xw')ek’”m/d:ﬂ'+/e_0‘”/eik”/dm') (4.12)
cos(X) —ayz @2C08(X) — kysin(X)
fy(ea ¢) :()(2—_%2 —2e k% I CM% )
( COS(Y)2 B 2€_ayyozycos(Y) - kysm(Y)) (4.13)
YZ-—7 k2 + a2

In above equations if we design the structure in a way that the fields outside the
slab damp quickly, we can make the final equation simpler by increasing the value of

o, and o, to infinity. Then the final equation would be as follow:

—ikr 1 0
Ey :ik€2 ( +C2OS( )sm(gb)

r

cos(X)2 cos(Y)2 (4.14a)
X2-z2y? =z
cos(X) cos(Y)

2_m2vy2_ w2
X 2Y 2

e % 14 cos(6
Etotal =ik ( ( )
2rr 2

sin(@)

2sinc(kdcos(0) + 5) (4.14D)
Equation (4.14b) show it is possible to have a sharper peak by increasing the dimen-
sions of waveguides. But dimensions are not the only factors that play a significant

role in the beam width of MZI. To have the optimum dimensions for smaller beam

width series of simulations have been done. Figure 4.10(a) shows the radiation pat-
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tern for a single arm waveguide. Simulation shows the waveguide width does not
have a significant effect on the beam width. Adding second arms to the structure and
making a MZI structure we will have smaller beam width (see Figure 4.10(b)) and
by increasing the waveguide width the beam width decreases. Figure 4.10(b) shows

we have the smallest beam width at the frequency of 430 GHz with the waveguide
width of 240 um .
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Figure 4.10: Radiation pattern for single arm with different waveguide width. (b)
Radiation pattern for MZI structure with different waveguide width.
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4.3 Phase difference calculation and circuit model

Using Equation (4.7), the phase difference between arms of length filled with

dielectrics characterized by different refractive indices ny and ns can be found as

lw Ny — Ny

We find the effective refractive index of the groove with depleted layers at the

edges by regarding it as a three-layer waveguide and applying the transfer matrix

approach. The electric field is presented within a layer as

n’ Iad

n a

- -
n' Ta
dy

A

Figure 4.11: Cross section view of one groove, depletion layer has thickness of a; and

its refractive index is n'.

(4.16a)

E.(z,2) = pez‘pz<A+(I>eiq(z)x T+ A (l,)e—z‘q(z):p)
Eg(l’, Z) - _q(x)eipZ(A—‘r(x)eiq(z)m — A_ (x)e_iQ(z)m) (416b)

P2(z) — p? and P(x) is given by the same expression as above P(x) =

where ¢(x) =
wn(z)/c . Since we consider homogeneous layers, it is sufficient to distinguish them by
= \/wn/¢® — p?.The effective refractive

the refractive index and thus introduce ¢(n)
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index can be defined as p = wn.ss/c, because it will define the variation of the field
phase inside the groove, ¢ = ph , which determines how close the frequency is to the
plasma frequency.

Propagation across a layer is taken into account by the layer transfer matrix

E,(z,2) = pe?* (At (2)e T 4 A~ (z)e ")) (4.17a)

E.(x,2) = —q(x)eP* (AT (2)eT — A= (z)e2)7) (4.17b)

where x(n') = q(n')ag and x(n) = ¢q(n)(a — 2a4) inside the depleted and normal
layers, respectively. The transfer from n’ layer to n layer is described by the interface

transfer matrix

E,(z,2) = pe?* (At (2)e 1T 4 A~ (z)e "=)7) (4.18a)

E.(x,2) = —q(x)eP* (AT (2)eHT — A= (z)e2)7) (4.18b)

where t; = n/?/n? and t, = q(n')/q(n). Thus, the total transfer matrix is

Tiot = T(n")T(n',n)T(n)T(n,n")T(n") (4.19)

where T'(n/,n) = T *(n,n'). At the boundaries of the groove E, must vanish
and, hence, we must have where |+z) = (1/(1,£1)")/v/2. In other words, the cor-
rect transfer matrix across the whole groove must map |x) into vector orthogonal to
|—x). This yields the dispersion equation in the form (x| Tjpa |) . Performing vector

calculations in this formula we obtain
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D(w) = sin(2x(n') + x(n)) + 2nsin(x(n'))cos(x(n) + x(n")) — n*sin*(x(n'))sin(x))
(4.20)

where n = t5/t; — 1. We take into account that wna/c << 1 and hence ¢(n) and
q(n’) are small comparing to 1/a. Thus both phases x(n) and x(n’) are small and we
can take the lowest non-vanishing approximation: D =~ x(n) + 2x(n')t2/t;. Now, the

equation D = 0 is easy to solve

g wn? 1
LR W e (4.21)

where f = 2ay4/a . Thus, we find the effective refractive index

nn'

Rt e

(4.22)

In the depletion mode of operation of our ADC design, the phase change is in-
duced by the variation of the depletion thickness in the groove regions. Based on
Equation (3.7), the thickness of the space-charge region is a function of the applied

voltage:

2¢,60(Viy +V
aq = Ddepletion = \/% (423)

There are two sources for the nonlinearity in our ADC design. One is the inverse
cosine relation between angle maximum radiation and phase difference; the other is

the nonlinearity of the Equation (4.23). The effect of first source is negligible for
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small value of phase difference. To overcome the nonlinearity effect of second source,
one way is changing the method that control the refractive index and finding some
material that the relation between its refractive index and external stimuli is linear.
The other way can be implementing the differential voltage, and applying voltage to

both arms. The phase difference between MZI arms can be calculated as:

2mrn; —ng [2€5€
A¢V1,V2 = d NO (\/‘/bz + ‘/2 - \/V;n + Vi) (424)

)\_0 D,otal e

By inserting the voltage to both arms the nonlinearity between the input stimuli

and output phase will reduce.
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Figure 4.12: (a) Angle of maximum radiation versus input voltage in case of one arm
excitation. (b) Angle of maximum radiation versus input voltage in

differential mode

Using Taylor expansion and expanding the Equation (4.23) the phase difference

can be found as:
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2w [2e4€
Adv, v, = NV eNol[CLlVi + b1 (4.25a)

Vo Vi
a = (=147 7”) (4.25b)

Where V,,, is V1 + V5 . As can be seen, the new equation shows linear relation between
input voltage and the phase change. It is worth to notice, that the higher terms in
Taylor expansion are omitted due the negligibility to first two terms. Figure 4.12(b)
shows the angle of maximum radiation versus input voltage for two arms excita-
tion. The dimensions for the design are as follows:a = 0.65 um, W = 6.80 um, D =
15 pm,d = 3.4 pm, h = 2.2 um. Figure 4.13(a) shows the normalized directivity for
the ADC with differential excitation versus different applied voltages. As seen by
swiping the voltage from 0 v to 3 v the maximum angle sweep of about 42 degrees
is achievable. Figure 4.13(b) illustrates electric field distributions for three different

applied voltages.
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Figure 4.13: (a) Normalized directivity for different applied voltages. Electric field
distribution at three different voltages (b) V=0 V. (¢) V=1.5V. (d) V=3
V.
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The Schottky contact that formed by the metal electrode and the doped GaAs
acts as the main contributor to a settling or delay time of the phase modulator. To
find the final formula for bandwidth we start with the angle of maximum radiation
versus time. For an end-fire array antenna the angle that maximum radiation occurs

can be calculated using the following equation:

A

0, = 603_1(%—D(—A¢V17V2)) (4.26)

Substituting the phase difference from Equation (4.25a) in Equation (4.26) and
inserting the transient time into the account the angle of maximum radiation versus

time can be found as follows:

(@i Vi +by) (1 —e7T)) (4.27)

0, = cos*
cos (27TD

doing some algebraic manipulation, the upper limit for ADC BW can be found as

follows:

1

BW < ————
S OTLn(b+ 1)

(4.28)

As seen, for a fixed value of maximum applied voltage by increasing the number of
bit the required sampling bandwidth reduces. To calculate this value for our designed
ADC we need to find the settling time. The settling time can be combination of two
different processes: carrier transition time and the RC time constant. For a very
thin layer of dielectric in Schottky diode, when the induced electric field is strong,

the transition time can be estimated using the simple formula: 7 = d/V, , where
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is the carrier displacement. The thickness of depletion is around 200nm and the
saturation drift velocity is Vyq = 8 x 108 m/s the transient time will be around 2.5
ps. By reducing the doped region thickness the settling time reduces. Unfortunately,
it is not possible to reduce the doped region as in this case we need to reduces the
maximum voltage and finally it reduces the sweep range of output pattern. The
other factor is the delay time caused by RC value of the structure. Now we need to
calculate the RC value of the 1D-SSPP waveguide. In this case one unit cell of the
structure is investigated. Figure 4.14 shows the circuit model of a single period of the
SS-SSPP waveguide. Z; and Z, represent the conventional waveguide impedance that
can be easily calculated using conventional formula for slab and metallic waveguides.

Y,

sroove T€PTEsents the admittance of the grooves than can be calculate using following

equation [73, 74, 75]

1 Z chotike Zt l
ngroove = ing + - + ng Sch t%k y T 14y an(ﬁg g)
Zng Zg =+ ZZSChottkeytan(ﬁglg>

(4.29)
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Figure 4.14: (a) Unit cell of 1D-SSPP waveguide. (b) Circuit model of Schottky
diode. (c) Circuit model of single period of the waveguide.

Where Z,is the characteristic impedance of the groove and [, is groove length.

Foe simplicity and as the value of C; and L, are smaller than the value of Zscpottiey
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they are neglected. And f, is the propagation constant of EM wave inside the groove.

k
Zy= 20, By = \fure = (F5) (4.30)

Figure 4.14 (b) shows the circuit model of the Schottky diode. The values of

circuit elements can be found using the following formulas [76, 77]

1 e s
LT S

(4.31a)

7y = (Ln(b/a))\/[w —~ > + 2 (4.31b)

Where a and b are the dimensions of the contact, ¢ is the semiconductor DC con-
ductivity. The Cj is the capacitance value of the Schottkey contact and can be found

using the simple capacitance formula:

AC’ ontact

Cy = €560 (4.32)

DDepletion

Where A.oniaet is the surface area of Schottkey contact. Using the mentioned
dimensions, the final value of RC is around 2.53 ps, including the transient time and

using the Equation (4.28) the upper band for bandwidth is 47 GS/s.
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CHAPTER V

Design, Analysis, and Simulation of Three

Different Structure for THz Beam Splitting

One of the components which is the important building block of every optical
setup and, therefore, is necessary in THz range is beam splitter. In general, beam
splitters used in THz setup are polarizing metallic grids, dielectric films, or substrate-
coated beam splitters [78, 79, 80]. Coated dielectric beam splitters, however, intro-
duce significant loss, for example, if the dielectric is made of alkalihalide it shows high
absorption at frequencies below 7 THz [78]. Metamaterial based beam splitters, in
turn, are mostly working at specific polarization and are not suitable for wavelength
smaller than the structures period. The main feature drastically distinguishing SSPP
BS is their reduced dimensionality. As a result, there is always scattering into the
state with reversed wave vector, i.e. backscattering. Moreover, one may expect that
the ability to redistribute efficiently the incoming wave into the outgoing channels
is related to the strong perturbation of the SSPP flow and thus should be accompa-
nied by the strong backscattering. The importance of the intensity of backscattering
depends on details of specific applications. For example, in setups employing the
small number of beam splitters, backscattered signal can be completely ignored. We
address this problem in more details in the next section in the context of prospective

applications in homodyne detection schemes.
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Figure 5.1: The schematic view of analyzed designs of beam splitters. In the contra-
and co-propagating schemes the input ports are 1, 2 and 1, 4, respectively.
(a) Two waveguides with the distance [ = 230 pum between the arms are
connected by the single connector. (b) The arms are connected by two
connectors with the separation D = 500 pm between them. (c) The arms
are coupled by means of the two-arm waveguide with common grooves,

R =100 pum.

On the other hand, in large-scale setups backscattering may lead to significant
reduction of the output signal, which may pose the challenging obstacle. This leads
to the problem of rather finding an optimal design in terms of the trade-off between
the splitting efficiency and the intensity of backscattering as is dictated by the specific
application. We analyze three implementations of the SSPP BS shown in Figure 5.1,

which illustrates different approaches to the problem of SSPP splitting.

5.1 SSPP mode in double corrugated waveguide

Transport of THz waves through the SSPP mode in double corrugated waveg-
uide (see Figure 5.1) with subwavelength dimensions has been analyzed in details in
the previous publications [57]. These results are directly applicable for the analysis
of one- and two-connector beams splitters, but require a generalization in order to
deal with the beam splitter design based on coupling through shared grooves. The
generalization is based on applying the transfer matrix formalism for finding the spa-
tial distribution of the electromagnetic field along the -direction. The closed form of

the transfer matrices can be found, as will be elaborated below, keeping the lowest
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frequency contributions, which is justified for the low frequency part of the spectrum.

As well as in [57], we consider E, = 0 . In this case instead of the full vectors
of the electric and magnetic fields, it is sufficient to keep track of E,,H, , and if the
waveguide contains layers with different dielectric functions, E, components. Then,
the SSPP dispersion law is recovered by enforcing the proper boundary conditions.
Due to the periodicity in the -direction, in virtue of the Bloch theorem, it is sufficient
to consider in details the field distribution within the single period. Inside the grooves

E, must vanish at the boundaries and thus we have:

E, = s(y) Z szcos(m(z —xp))(A™ et o AmT i) (5.1a)
a

m>0

B, = —s(y) Y Tl sin(T (2 — ap))(A™F P - AP (5.1b)
a a
m>0
P:LQ mmn m+ iP"z m— _—iP"z

Hy:s(y)z " COS(T(Z—QJL))(A . U (5.1c)

m>0

where m enumerates different modes, x; is the x-coordinate of the left boundary
of the groove, a is the width of the grooves,s(y) = sin(n(y — yr)/W) describes the
confinement of the electromagnetic field in the -direction, P*? = w/c*+7 /W?*+mmx /a’
and A™" are A™ the amplitudes of the waves propagating upward and downward,
respectively, W is width of the waveguide, a is width of the grooves and c is speed of

light. Inside the arm due to the Bloch theorem the components are given by

E, = s(y) Z QmelimT( Bttt s 4 pmTem e (5.2a)
m>0
E, = —S(y) Z qmeiQ7'Lx(Bm+6iP;nZ _ Bm—e—iPZmZ) (5213)
m>0
p2? . .
Hy _ S(y) Z Lelqu<Bm+ezPZ z Bm*e*'LPz z) (520)
m>0
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where ¢,, = 5+ 2mm/d , B is the SSPP propagation constant, d is the period of the
structure, P, = P? .and QT = P? — ¢2,.

Let Zp be the coordinate of the groove-arm interface. Enforcing the continu-
ity of £, and H, at the interface one can find the relation between amplitudes AmE
and B™*. The procedure is based on treating E, in Equation (5.1a), and in Equa-
tion (5.2a) as Fourier expansions of functions, which should take the specific form at
Z = Zp . For example, limiting expansions in Equation (5.1a) and Equation (5.2a)
to the same number of terms, one finds B™"e="# 4+ B™~e~%"% from the condition
that E, in Equation (??) and (5.2a) vanishes in the region < z, and * > z, + a .
Further, (Am*eiP="2 — Am~e="%) are found from the continuity of H, . Solving the
obtained system of equations with respect to B™* one obtains the transfer matrix,
which maps the state of the electromagnetic field inside the groove into the state of
the field inside the arm. From the formal point of view, the requirement of the num-
ber of terms in expansions Equations (5.1a) and (5.2a) being the same ensures that
the dimensions of the spaces of the states of the electromagnetic field in the groove
and in the arm are the same. This can be avoided in waveguides with the corrugation
along one side only [81] or in highly symmetrical two-sided single arm waveguides [57]
but is necessary in the general case.

In order to make main formulas less cumbersome, we will keep only terms with [ =
0 and m = 0 in Equations (5.1a), (5.1b), (5.1c) and Equations (5.2a), (5.2b), (5.2¢),
which is justified for analysis of the low frequency part of the spectrum. Incorporating
phase factors e*@=%s  whereQ, = QY , and e**%5 into the amplitudes A and

B* we find implementing the procedure outlined above the relation between vectors
|A) = (A, A7) and |B) = (B*,B~)" describing the electromagnetic field in the
groove and in the arm, respectively, | B) = T, 4| A), where the transfer matrix through

the groove-arm interface is
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~ @'eﬁxc t1+1ta t1 — 1o

Ta,g - m (53)

t1 — 1o T1+ 1t

Here x. = x1+a/2 is the x-coordinate of the center of the groove, S = \/a/dsinc(Ba/2),

t1 = S?P.d, ty = Q.a . The transfer matrix for the transition from the arm to the

. . . . S o1 . .
groove is found by simple inversion 7, , =T, , . Since the phase factors were incor-

porated into the amplitudes, the phase difference between the amplitudes at opposite

ends of an element (either groove or arm) is accounted for by introducing diagonal

matrices T, , = diag(e'"=", e~ and T, , = diag(e*@', e~2@=") for the groove with

height h and the arm with height 2t . The total transfer matrix Thot connecting the

state of the electromagnetic field at the upper and lower ends of the structure is found

by taking the ordered product of the transfer matrices through individual elements.

For example, for the single arm waveguide this is

Ton = Ty ToToaTs Ty (5.4)

while for the two arm waveguide with shared grooves we have

~ A ~ A ~ ~ ~ A

TTA = ngTgaTaaTag’Tg’g’Tg’g’Tg'aTaaTangg (55)

The distribution of the field must satisfy certain boundary conditions at the ends

of the structure. For the case of our main interest, when the structure is terminated

by closed grooves, F, must vanish at the ends. Thus, we have AT + A~ = 0 or in

vector notations (x| |A) or equivalently (A| = ¢|—x), where c is an arbitrary number,

|+2) = (1,£1)" /v/2 and bra- and ket-vectors are related as usual through Hermitian
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conjugation. Thus, in the case of our main interest, closed structures, the SSPP

dispersion equations are

(@] Toor |A) (5.6)

Since the left hand side of this equation defines an analytic function of w, for
a given [, Equation (5.6) holds only for isolated frequencies w = w;(f) , which
thus define branches of the SSPP dispersion curve when § varies from —m/d to m/d.
Due to the mirror symmetry of the structures under consideration, the dispersion
equation factorizes D¢(w, 5)D°(w,3) = 0 because the modes possess the definite
transformation properties under reflections about the middle line. It is convenient to
classify the modes according to the sign of charge on the horizontal boundaries, or,
equivalently, according to the sign of F, : the even and odd modes are characterized
by even and odd functions E,(z). The even mode, therefore, has E, vanishing at the
middle line and thus the transfer matrix through half of the structure,Thal § , must

map |—z) into |—x) , which leads to

D*(w, B) = (| Thaty |=2) (5.7)

The similar argument for an odd mode yields

Df(w,B) = (| Thalf |—x) (5.8)

For the single arm waveguide this leads to already known result
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Figure 5.2: The lowest three bands of SSPP in the single arm waveguide. Solid lines
show solutions of D§ 4 (w, 5)D = 0 and correspond to the first and second
symmetric modes. The dashed line depicts the first antisymmetric mode
and is found from D ,(w, 3)D = 0.

P.h
Diafenf) = 1+ o) (5.90)
D% 4 (w, B) = 1 — ntan(P.h)tan(Q,t) (5.9b)

where n = 5’2%. First three branches determined by Equations (5.9a) and (5.9b) are
shown in Figure 5.2.
The dispersion law of SSPP in the two-arm waveguide with shared grooves is de-

rived in the same way. It should be noted that in this case DS ,(w, 8) = (2| Thais |—)

0 has the form for the dispersion equation of the single arm waveguide with grooves,
generally, of different heights h and h’. The non-zero difference between them breaks
the symmetry of the effective single arm waveguide, which leads to the coupling be-

tween its even and odd modes. Thus, we have:
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sin®(3(h — W) P,)

(h+h)P,)

Dia(w, B) = Dgus(w, B), Dga— (1 — 772) (5.10)

NN =

cos?(

which, in particular, shows the effect of the length of the shared grooves on the
SSPP dispersion curves. The two-arm waveguide, however, does not have the conve-

nient factorization property and has somewhat cumbersome form

Dis(w, 8) =cos(P.(h + h'))

— tan(2Q.t)[ncos(P,h)sin(P,h') +n~ ' sin(P,h)cos(P.h')] (5.11)

The solutions of equations D5 ,(w,)D = 0 and D3 ,(w,B)D = 0 are shown in

Figure 5.3.
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Figure 5.3: The SSPP dispersion law in the two-arm waveguide with shared grooves
(the middle part of the structure shown in Figure 5.1 ¢). Solid and dashed
lines show symmetric and ant-symmetric modes, respectively.
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5.2 Beam splitter’s performances

Obtained dispersion laws allow us to discuss the main features of the SSPP prop-
agation through beam splitters. The easiest case is the implementation shown in Fig-
ure 5.1, which we will refer to as the single-connector beam splitter (SC). It can be re-
garded as consisting of two connected T-junctions. Thus, considering ports 1 and 2 as
input ports and ports 3 and 4 as output, that is in the contra-propagating scheme, one
can expect that due to the mirror symmetry with respect to the central vertical line the
supplied input should be split equally between the output ports. In order to charac-
terize quantitatively the transport properties, we introduce |S(7,7)|? , the normalized
output power at port j with the input at port i, so that |S(i, 1)|*> + ... +|S(i, 4)|> = 1.
In the contra-propagating setup, ports 1 and 2 (see Figure 5.1) are input ports and
ports 3 and 4 are regarded as output. In the co-propagating scheme, the input is sup-
plied at ports 1 and 4 and the output is collected at ports 2 and 3. The characteristic
of special importance, as will be illustrated in the next section, is the splitting ratio,
or balance. For a symmetric contra-propagating beam splitter, i.e. with input ports
1 and 2, the balance is fully characterized by the ratio b(w) = |S(1,3)[?/|S(1,4)[?, for
the co-propagating beam splitter, when ports 1 and 4 are input, the splitting ratio
is defined as b(w) = |S(1,2)|?/]S(1,3)>. For both cases, when b(w) = 1 the beam
splitter is balanced, otherwise it is unbalanced.

Figure 5.4 shows the frequency dependence of the parameters |S(i,7)|? for the
simplest design with one connector. It is assumed here and in the following figures
that the input signal is supplied at port 1. Due to the symmetry of the structure,
the full set of parameters |S(i, 7)|? is obtained by simple re-enumeration of the ports.
For example, for the contra-propagating scheme the output signal with input at port
2 is found as |S(2,3)]* = |S(1,4)|* and |S(2,4)]* = |S(1,3)|?, while the backscat-
tered signal is found as |S(2,2)]> = |S(1,1)> and |S(2,1)]* = |S(1,2)]?. For the

co-propagating scheme, the input is supplied at ports 1 and 4, hence, the output
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signal is determined by |S(1,2)]* = [S(4,3)|* and [S(1,3)]* = |S(4,2)|* and the
backscattered signal is found from |S(1,1)> = |S(4,4)[* and |S(1,4)]> = |S(4,1)|* .

1:
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S-Parameters

0.5 6 07 08 09
Frequency [THz]

Figure 5.4: The frequency dependence of S-parameters of the single connector beam
splitter.

The characteristic feature of Figure 5.4 is practically coinciding curves |S(1, 3)|?
and |S(1,4)|?, which characterize the output signal in the contra-propagating scheme.
This confirms the observation based on the symmetry of the structure made above.
At the same time, it should be noticed that in the co-propagating scheme the equal
splitting is reached when curves corresponding to |S(1,2)|? and |S(1,3)|* intersect,
which occurs at isolated frequencies near the low-frequency edge of the SSPP waveg-
uide. As has been discussed above, another important characteristic is the intensity
of backscattering, which is defined in terms of the scattering intensities as |S(1,1)[*+
1S(1,2)]2 = 1 — [S(1,3)]* — |S(1,4)|*>. Figure 5.4 demonstrates that for the single-
connector design connector the high intensity of the backscattered signal, R(w) > 0.5
is rather typical, which, as has been discussed above, may be a highly undesirable
property. The numerical calculations were performed using HFSS simulation package,
and the ports are terminated to the matched load, so that there is no reflection at

the ports termination back into the structure.
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The problem of significant backscattering can be approached utilizing more com-
plex designs in two ways: with the help of destructive interference of backscattered
waves or by reducing backscattering itself. The implementation of the first principle
in the beam splitter with two connectors (TC) is shown in Figure 5.1.

In this case, the backscattered field at the input ports is the result of interference
of waves scattered on different junctions. In order to get better understanding of
the mechanism of reduction of backscattering we consider the propagation across the
beam splitter approximating the propagation of the electromagnetic wave into the
connector by the main component with the propagation constant k = / P2 — (7/ dc)Q,
d. where is the width of the connector in the x-direction. Then the propagation of
the SSPP can be described by the transfer matrices of the form 7T° = TTywT¢ and
T° = T2TwT?, for the even and odd modes of the beam splitter, respectively. The
scattering into the even and odd modes of the connector is described by the transfer
matrices [32] respectively, and the propagation of the SSPP in the arm is described
by
1 0

Te = (5.12a)
iZ; tan(kl/2) 1

1 0
T = (5.12b)
—iZ; reot(k1/2) 1

Ty = cos(D) iZysin(BD) (5.120)

—iZysin(BD) cos(B(SD))

Here D and 1 are the distances between the arms and connectors, respectively,Z; =
w/k , Zy = —wfB/c*P?. Parameters S(i,7) can be expressed in terms of the matrix
elements of the transfer matrices 7¢ and T° (see e.g. Secion 4 of [82]). Imposing the

condition of minimal power at the input ports, i.e. minimal backscattering, we find
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Figure 5.5: The significant reduction of the intensity of backscattering in the two-
connector beam splitter with variation of the distance between the arms.
The input is supplied at port 1 and backscattering is registered at port 4.

that the necessary condition is

tan(— =1) (5.13)

Thus, one can achieve reduced backscattering in TC at given frequency by making
the structure with specially chosen distance between the arms. In order to demon-
strate this effect, we compare in Figure 5.5 the field distribution inside two structures
with slightly different at the same frequency. The frequency dependence of the -
parameters of the TC is shown in Figure 5.6. It should be noted that while backscat-
tering in TC is significantly reduced comparing to SC, the simultaneous reach of
balanced splitting and low backscattering requires careful adjusting the parameters
of the structure and thus this design is more suitable for narrowband applications.
More direct control over backscattering is achieved in the implementation of the SSPP
beam splitter shown in Figure 5.1(c). The advantage of such constructed beam split-
ter is that the translational symmetry is broken in a less invasive way. Moreover, by
careful choosing the characteristics of the waveguides, one can eliminate the variation
of the SSPP propagation constant at the junction between the parts of the waveguide
with disjoint arms and with arms sharing grooves thus reducing the backscattering

in a stable (non-resonant) manner.
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Figure 5.6: The frequency dependence of S-parameters of the two-connector beam
splitter.

Indeed, as Equation (5.8) shows, the fundamental branch of a two-arm waveguide
can be presented as a result of coupling between the even mode of the single-arm
waveguide (i.e. its fundamental branch) and the lowest odd mode, with the coupling
parameter proportional to the difference between heights of the shared and non-shared
grooves. Thus, for frequencies not too close to the edge of the fundamental branch,
where the coupling between the even and odd modes is significant, the lowest modes
of the single- and two-arm waveguides differ only slightly.

Therefore, for a given frequency the mismatch between the propagation constants,
and, hence, the impedance mismatch, between the parts of the beam splitter with
disjoint arms and with arms sharing grooves is small. This observation is confirmed
by the numerical simulations presented in Figure 5.7. It shows in particular that, as
well as in the case of the beam splitter with two-connectors, the equal splitting ratio
is reached at isolated frequencies. A drawback of this design, however, should be
noted. The coupling between SSPP modes propagating in different arms is relatively
weak. This results in the necessity of having long length of the beam splitter, when

the effect of attenuation may become pronounced

70



| vl
2
0.8¢ Sl
2
g ISl
506 S
= 13
g _|Sl4|2
Q." 04 B
n I\
0.2
O L . f f .
054 0.6 0.7 A 0.8 0.9 1 1.1

Frequency [THz]

Figure 5.7: (Upper panel) S-parameters of the beam splitter based on coupling
through shared grooves. The black markers indicate the frequency range
with suppressed backscattering. (Lower panel) The field distribution in-
side the beam splitter demonstrating the reduced back scattering and the
gradual formation of the split signal.

5.3 Four-terminal beam splitter with backscattering

One of the important applications of the beam splitter is in various quantum op-
tical experiments, for instance, Hong-Ou-Mandel type of experiments and homodyne
detection. The standard description of these experiments assumes that the distinction
between the input and output ports is strict. At the same time, all designs consid-
ered in the previous section demonstrate backscattering for a generic frequency. As
a result, the standard description of the beam splitter adopted in quantum optics is
not directly applicable but requires a slight generalization to account that sending a
pulse into either port produces, generally speaking, outgoing signals in all port. Thus,

the relation between incoming and outgoing states is provided by 4 x 4 a scattering
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matrix S

I
N

(5.14)

bs Qy

where a; is the operator corresponding to incoming SSPP in port i and b; describe
outgoing SSPP.

Out of the variety of possible applications of transformations of quantum states
described by Equation (5.14), we pay the special attention to the implementation
of the balanced homodyne detection scheme. Without the loss of generality, we can
consider the case when the incoming SSPP states are supplied in ports 1 and 2 only,
while only the outgoing states in ports 3 and 4 are detected.

In order to explicate such setup, we collect indices 1,2 into set in and indices 3,4

into set . Then Equation (5.14) can be rewritten in the block form

=S (5.15)

where the scattering matrix S is written as

N

~
Sin,in in,out

(@28
I

(5.16)

~ ~

Sout,in Sout,out

and S; ; are 2 X 2 matrices.

A general one-particle observable involving ports 3 and 4 can be represented as
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operator

‘/out = ‘/0 JO(b;rutu bout) + V J(](bJr bout) (517>

out?

where a scalar V) and a 3d unit vector V' characterize measured quantity and

1

m,ne3,4

with and being the usual Pauli matrices.

It should be noted that the similar approach can be used for describing a general
observable involving all four ports. In this case instead of the Pauli matrices one
needs to employ the full family of generators of su(4) Lie algebra. This general case,
however, is beyond the scope of the current consideration and will not be analyzed
here. Equation (5.17) presents the observable in the basis of the outgoing states.
Using Equation (5.17) and taking into account that we are only interested in the case

when the input is supplied at ports 1 and 2, we find

Vin = Vi Jo(al;, aout) + V' Jo(az,

Uin)J (5.19)

where we have introduced the modified pair (Vj, V') defined by the relation

Z V;',O-i = Z V;<‘§:;¢t,ino-i‘§’out,in) (520)

This relation can be alternatively written in terms of linear transformation V; =
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> ; R ;V;j, where the matrix elements R; ; are found using the orthonormality relation
Tr(o;05) = 2710, ; . The application of this formalism for the homodyne detection is
simplified by two circumstances. First, we require that the measured quantity must be
a linear function of the operators corresponding to the unknown state (say, supplied at
port 1). Thus, we require that Vj = V/ = 0. Second, we take into consideration that
only intensity is measured at the output ports, so that V,, = V,, = 0 . Applying the
orthonormality relation these conditions can be written as a system of homogeneous

equations with respect to Vy and V,

TT[UiSout7in(%UO + ‘/;'Uz)gout,in] =0 (521)

where ¢ = 0, z. Writing out explicitly the matrices involved, one finds that this
system has a nontrivial solution V5 = 0,V, = 1 only when [S(3,1)]?|S(4,2)]> =
1S(4,1)]2|5(3,2)|? . For the case of a design symmetric with respect to the middle line
this implies that in order to be employed in the homodyne detection scheme the beam
splitter must be balanced, so that [S(3,1)|? = [S(4,2)|> = |S(4,1)]*> = |S(3,2)]* = p.

Using these findings in Equation (5.20), we find

V, = p(cos(psy — P32) — cos(Par — Pa2)) (5.22a)

Vy/ = p(sin(ds1 — ¢32) — sin(ps1 — da2)) (5.22b)

where ¢; ; = arg(S; ;) are phases of the respective scattering amplitudes. Equations
Equations (5.22a) and (5.22b) show the important consequence of the symmetry of
the beam splitter on the form of the observable operator in the basis of incoming
states. In this case one has ¢31 — ¢32 = ¢s2 — @41 and, as a result,V] = 0 Thus
the beam splitters with the symmetry with respect to the middle line allows one to

measure only the p-quadrature. By breaking the mirror symmetry, for instance, by
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means of filling the beam splitter partially by a dielectric material, as is considered
in the next section, the phase parameter of the beam splitter can be varied. Such
modification, however, leads in general to changing the splitting ratio and, as a result,
the beam splitter becomes unbalanced. Thus, the variation of the phase parameter

requires more complex control.
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CHAPTER VI

Mechanical Pressure Exerted by SSPP

Surface plasmon polaritons (SPP), optically excited plasmon polariton at the in-
terface of dielectric and metal, opened a broad way to miniaturized photonic circuits
or designing subwavelength structure that can carry optical or electrical signal [1].
The SPPs have found their applications in many areas such as modulators, switches,
sensors, etc. [2-5]. Recently, there have been many efforts to utilize the plasmon
polaritons at frequencies in the THz range (0.3-10 THz). Unfortunately, elevated
medium losses at lower frequencies make implementing of this technique highly im-
practical. It has been shown, however, that by engineering the metal or dielectric
surface and implementing periodic patterns such as grooves or holes, one can reintro-
duce the concept of surface plasmon at lower frequencies. It has been demonstrated
that these structures mimic the dispersion properties of surface plasmon polariton
[6], and the respective propagation modes are dubbed spoof surface plasmon polari-
ton (SSPP). In the sub-wavelength limit, when the characteristic spatial scales of the
structure (e.g., period and the width of the grooves or holes) are smaller than the
operating wavelength, the designed surface can be represented as an effective media
with the dielectric function having the Drude form. SSPP structures have attracted
a significant attention of researchers, from both theoretical and experimental per-

spectives, as they can offer localized field enhancement at the frequency range where
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true plasmons do not exist. In the past decade, different structures with periodic
perforation have been studied, including double sided corrugated structure, single
sided corrugated waveguide, cylindrically corrugated waveguide, etc. [22-29]. Utiliz-
ing the SSPP modes, different components have been proposed, such as polarization
controller [28], THz switch [29], analog to digital convertor (ADC) [30], and beam
splitter [31]. Beside these applications of the optical and THz waves in plasmonic
and SSPP waveguides, recently there has been significant interest in electromagnetic
forces in dielectric and waveguide structures in order to utilize the electromagnetic
(EM) force in optomechanical or micro electro mechanical MEMs devices. Pernice et
al [83] studied the optical forces in parallel waveguides. Optical forces between metal-
lic nano particle has been investigated in [84, 85]. Povinelli et al. [86] suggested that
the optical force can be increased by optical resonances and it has been theoretically
proven in [87]. The optical forces have been also investigated in a wide variety of
structures such as photonic crystals and plasmonic waveguides, [88, 89], for different
applications and situations, such as force on nano-particles, between two single-sided
spoof plasmon waveguides, etc. [90, 91, 92, 93, 94, 95, 96, 97]. In the present paper,
we apply the same concept of resonantly enhanced electromagnetic force to inves-
tigate the mechanical action of SSPP inside corrugated waveguides. This paper is
organized as follows, in Section 1, we briefly review a theoretical description of SSPP
in double sided corrugated waveguides and their dispersion diagram. In Section 2,
the Maxwell stress tensor formalism is introduced and the force acting on a small
dielectric particle inside the SSPP waveguide is evaluated. Section 3 discusses the
force exerted by the SSPP field on a small particle and Section 4 analyzes the force
distribution inside the SSPP waveguide and proposes a switching mechanism. Double
sided corrugated waveguide While the results presented below have a wide range of
applicability, for concreteness, we limit our attention to closed waveguides, which is

especially relevant for potential microfluidic applications. More specifically, we con-
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sider double corrugated waveguides, as shown in Figure 6.1. SSPP in such structures

were analyzed in prvious section therefore, we only briefly outline the main points.

2t

4
d X

<+——>

Figure 6.1: Cross section view of Doubly corrugated waveguide.

For simplicity, we only will keep the lower modes with 1=0 and m=0 in Equa-
tion (?7?), thus obtaining the dispersion equations governing even and odd SSPP

modes

tan(P,h)
tan(Q,t)’

D%, (w, B) = 1 — ntan(P.h)tan(Qt) (6.1b)

D§y(w,B) =1+4n (6.1a)

First five branches determined by Equations (6.1a) and (6.1b) are shown in Figure 6.2
and compared with the transmission spectrum of the waveguide which is calculated
using HFSS. Throughout this paper, the dimensions of the waveguide are fixed and
set to be as follows: d = 100 um, h = 80 um, a = 10 um, W = 300 um, t = 33.3 um.

6.1 Maxwell Stress Tensor

The force acting on a particle placed into the waveguide is found as the flux of the
Maxwell stress tensor through the surface S encompassing the particle, F = [ T.dn .

If the medium inside the waveguide has the dielectric function ¢ = 1, the stress tensor
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Figure 6.2: Dispersion diagram and scattering parameters of the double corrugated
waveguide. Gray areas represent the band gaps. The dashed rectangular
area represents the frequencies that we see SSPP modes.

can be written as [98]

1 ~
)l (6.2)

~

1 1
T:€0E®E+_B®B——(€OE2+
Ho 2

where
I is the unit tensor, ® is the Cartesian product defined as (a ® b);; = a;b; and

E? = E.E . Representing the electric and magnetic fields in the form

E(r,t) = E;(r)e™" + Ey(r)e ™" (6.3a)

E(r,t) = Bi(r)e™" + Bo(r)e ™! (6.3b)

we obtain the Maxwell tensor as a sum of time independent and oscillating compo-

nents.

T =T, + Tje¥™ + Tye 2+t (6.4)
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where

N 1 1 1 A
T, =2Re[eE ® E+ —B® B — =(eo| B2 + ——=-)1 6.5
@ . (el B8+ ) (6
with lvertEZ| = EjFEy , and
I 1 1 9 1 A
TO = EOEO & EO —+ %BO X Bo - 5(60E0 + MO—B(%)I (66)

The time independent component T, yields the stationary force F = [ T.dn char-
acterizing the pressure exerted by the SSPP on the dielectric particle. The effect of
the oscillating terms is usually neglected because they vanish after averaging over
the period. It should be noted, however, that these terms alone result in oscillations
of the center of mass of the specimen near the position drifting with the velocity
vg = Im(Fy)/mw , where is the mass of the specimen and Fy = fTO.dn. Depend-
ing on situation, the displacement due to the drift may play an important role and
should be taken into consideration. Indeed, the flux of the Maxwell tensor through a
surface encompassing a particle with radius is proportional to the area of the surface
o« r? | while the mass of the particle is proportional to its volume, o< r3, leading to
vg < 1/r . As a result, the effect of drift may be important while dealing with small
light particles in a liquid environment with low viscosity. Since we are interested in
a mechanical action of a THz field, however, we use the fact that in high frequency

fields, the effect of the drift is subsided and neglect it.
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6.2 Dielectric particles inside the SSPP field

The total force acting on a small particle can be calculated using Equation (6.6),

which includes two different kind of forces as gradient and scattering force [32]:

- €€ . ) .
F) = QORe[a(EO. V B} + o (By x By))] (6.7)

where « is the polarizability. The gradient force is the part that is responsible for
attraction or repulsion of the particle toward the high intensity field. Inserting the
Maxwell equation 57 X E = —§B/dt and using the vector calculus identity </ (F.E*) =
2Re[(E.x7)E* + E x (v x E*)| the final form of the gradient force can be calculated

as:

Fy = 22 Re(a)) (7 Eo.E) (6.8)

It should be noted that the electric field entering the expression for the Maxwell
stress tensor is a solution of the full system of Maxwell equations including both
the periodic corrugation of the waveguide and the inserted particle. If, however, the
particle is small and its refractive index only slightly differs from that of surrounding
medium, one can use Equation (6.7) with ' = Eggpp, where Egspp is the SSPP
field in a corrugated waveguide free of introduced particles. Indeed, in this case, the
electric field can be presented as a superposition of Fgspp and the scattered field.
The latter, in turn, in the lowest order of the perturbation theory is proportional
to Esspp and the variation of the refractive index, which yields Equation (6.7) with
Esspp. A direct manifestation of such approximation is a simple linear dependence

of the force on the refractive index of the particle. We test this conclusion in Fig-
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ure 6.3, which shows that the approximation Eggpp is valid for a particle with the
dimensions of 1 um up to n=1.3 . We would like to stress, however, that as the size
of the particle or its refractive index increase, the simplest approximation no longer
provides a good description of the electromagnetic field. Strong scattering not only
leads to a modification of an effective refractive index of the particle but may result
in a complete reconstruction of the field of the propagating modes of the corrugated
waveguide. As a simple illustration, we plot in Figure 6.3 the frequency dependence
of the electromagnetic force acting on a large particle placed near the groove opening.
It shows that the mechanical action of the electromagnetic field leads to repelling the
particle away from the region of the high field concentration in a particle-free waveg-
uide. In other words, it shows the behavior opposite to that for small particles. The
physical origin of such behavior is as follows. A large particle effectively modifies
the dielectric properties of the groove, thus making the groove different from the rest
of the structure. This, in turn, may lead to formation of SSPP modes character-
istic for heterogeneous structures, which can be drastically different from those of
homogeneous waveguides [70].

In the present paper, we limit ourselves to an analysis of the case when the ap-
proximation of small particles is applicable and one can substitute £ = Eggpp into
Equation (6.7). In this case, one can extend the analysis based on Equations (6.1a),
(6.1b), and (6.2) for a qualitative description of the spatial profile of the force field.
In particular, one can see from the series representation of the field inside the arm
that the characteristic pattern of the field distribution is a result of the superposition
of higher order Bloch modes. While moving away from the interface toward the cen-
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