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Abstract

Surface plasmon polaritons are electromagnetic surface waves coupled to electron plasma
oscillation of metals at a metal-dielectric interface. At optical frequencies, these modes are
of great interest because of their high confinement to a metal-dielectric interface. Due to
the field enhancement at the interface, they have been used in different applications such
as sensors, second harmonic generation and enhanced Raman scattering. Surface plasmon
resonance based sensors are being used for detection of molecular adsorption such as DNA
and proteins. These sensors are known to be highly sensitive and have successfully become
commercialized.

Terahertz (THz) frequency band of electromagnetic spectrum has attracted researchers
in the last few years mostly because of sensing and imaging applications. Many important
chemical and biological molecules have their vibrational and rotational resonance frequen-
cies in the THz range that makes the THz sensing one of the most important applications
of THz technology.

Considering above mentioned facts, extending the concept of surface plasmon sensors to
THz frequencies can result in sensitive sensors. In this work the possibility of this extension
has been investigated. After reviewing optical surface plasmon polariton waves and a basic
sensor configuration, surface plasmon polariton waves propagating on flat metallic and
doped semiconductor surfaces have been examined for this purpose. It has been shown
that these waves on metallic surfaces are loosely confined to the metal-dielectric interface
and doped semiconductors are also too lossy and cannot meet the requirements for sensing
applications.

Afterwards, it is shown that periodically patterned metallic surfaces can guide surface
waves that resemble surface plasmon polariton waves. A periodically patterned metallic
surface is used to guide THz surface plasmon polariton-like surface waves and a highly
sensitive sensor is proposed based on that. The quasi-optical continuous wave (CW) THz
radiation is coupled to this structure using the Otto’s attenuated total reflection (ATR)
configuration and the sensitivity of the device is discussed.

A general scattering parameter based model for prism coupling has been proposed and
verified. It is shown that a critical coupling condition can happen by changing the gap size
between the prim and periodic surface. Details of fabrication of the periodic structure and
experimental setup have also been presented.
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Chapter 1

Introduction

1.1 Motivation and Objectives

Fundamental research and development of surface plasmon polariton based structures and
devices have attracted several researchers in recent years. Surface plasmon polaritons
are collective oscillations of electrons coupled to electromagnetic field that occur at an
interface between a conductor and a dielectric. They can take various forms, ranging
from freely propagating electron density waves along metal surfaces to localized electron
oscillations on metallic nanoparticles. Their unique properties enable a wide range of
practical applications including light guiding and manipulation at nanoscale, biodetection
at single molecule level, enhanced optical transmission through subwavelength apertures,
and high resolution optical imaging below the diffraction limit. One of the most successful
applications of surface plasmon polaritons at optical frequencies has been surface plasmon
polariton resonance based sensors. These sensors are well known for their high sensitivity,
have been commercialized, and are being used for bio-sensing applications.

Although surface plasmon polaritons have been known in the optical region for more
than a century, their investigation in the THz band is limited to last few years. With
the development of short-pulse lasers, THz spectroscopy has opened up an interesting but
hardly accessible spectral window where a large variety of gases, liquids, and solids show
specific resonances. THz applications range from studies of coherent excitations in semi-
conductor heterostructures to medical diagnostics and three dimensional imaging systems
for monitoring industrial processes. Many important chemical and biological molecules
have their vibrational and rotational resonance frequencies in the THz range and this fact
makes the THz sensing one of the most important applications in THz technology.



Considering the success of surface plasmon polariton based sensors at optical frequencies
and the demand for highly sensitive sensors at THz frequencies, practical applications for
THz surface plasmon polariton based sensors can be expected. The main purpose of this
thesis is to extend the idea of surface plasmon polariton based sensors to THz frequencies.
Although a simple layer of metal supports strongly confined surface plasmon polaritons
at optical frequencies, at THz frequencies metals resemble in many ways a perfect electric
conductor and the negligible penetration of the electromagnetic fields into them leads to
highly delocalized surface plasmon polaritons. For sensing purposes, strongly localized field
is essential and can be achieved by using engineered materials that guide strongly confined
surface plasmon polariton-liked surface waves.

1.2 Literature Review

Optical surface plasmon polaritons are investigated widely in literature. Excellent intro-
duction to the optical surface plasmon polaritons can be found in various books [7, [I3] and
numerous papers [8, 2]. The pioneer experimental setup was discussed in the classic work
of Otto [19], and Kretschmann and Raether [10].

THz surface plasmon polaritons have also been used for guiding of THz waves outside
of a bare metallic cylinder [22]. Applications of surface waves propagating on a metallic
periodic structure have been discussed in [20]. In [20] a simple approximate method has
been used to find effective material parameter for the case where the period of the structure
is much smaller than the wavelength of the waves. The method had previously been used
in [5] and [3]. Existence of these kind of surface waves at microwave frequencies have
been reported in [6] and [I1]. [TI1I] is a recent article that has used the Otto’s coupling
configuration for coupling of waves to the periodic structure.

At THz frequencies, [I2] has used a corrugated wire for guiding and focusing of surface
waves propagating on the wire’s surface and [14] has proposed a THz sensor which works
based on the spectrum of a THz pulse that has been transmitted through a metallic surface
which is perforated periodically in two dimensions. Recently, guiding of THz pulsed waves
on a periodic metallic structure made of an array of holes has been reported [23]. For
coupling of a THz beam to surface waves, a sharp razor blade has been used which diffracts
the incident waves and some of it is being coupled to surface waves. Finally, it should be
noted that some parts of the research work demonstrated in this thesis have been presented
in [1J.



1.3 Thesis Overview

Following this chapter, chapter 2| will be begun by an introduction to optical surface plas-
mon polaritons propagating on a metal-dielectric interface. After investigating metal’s
optical properties and reviewing the Drude model, methods for excitations of these waves
will be presented. THz surface plasmon polaritons that propagate on a metal surface
are discussed afterwords, it has been shown that these waves are loosely bonded to the
metal-dielectric interface, and are not suitable for sensing applications.

Surface waves which propagate on the surface of a periodically patterned metal and
have field distribution similar to that of surface plasmon polaritons are investigated in
chapter [3] A periodic metallic structure is proposed. Simulation method and an ATR
coupling configuration are demonstrated and it is shown that this configuration can be
used as a highly sensitive sensor. A sensitivity parameter has been defined and is related
to the group delay of the surface wave.

A novel method for analyzing prism coupling to periodic structures is introduced in
chapter[d] The method is based on scattering parameter model for each cell of the structure.
The validity of the method is investigated by using full wave EM simulations. Using the
introduced method, coupling of a Gaussian beam to the structure is simulated.

Details of fabrication and characterization of the device proposed in chapter [3| have
been presented in chapter 5} An experimental setup designed for coupling of a THz beam
to surface waves propagating on the fabricated structure has also been explained in this
chapter. The last chapter summarizes the thesis and proposes future research in this area.



Chapter 2

Optical and Terahertz Surface
Plasmon Polaritons

2.1 Surface Plasmon Polaritons at Optical Frequen-
cies

An overview of optical surface plasmon polaritons is presented in this chapter. The optical
properties of metals are reviewed and optical surface plasmon polariton waves that propa-
gate along a metal-dielectric interface are studied. Following this analysis, the possibility
of existence of surface plasmon polariton mode at THz frequencies at metal-dielectric and
semiconductor-dielectric interfaces are discussed. It is shown that although these struc-
tures support THz surface plasmon polaritons, these waves are not strongly confined to
the structure or are excessively lossy and cannot be used for sensing applications.

2.1.1 Metals at optical frequencies

Metals show large imaginary and negative real permittivity at microwave frequencies and
can be approximated as a Perfect Electric Conductor (PEC) at these frequencies. As
the frequency increases, the free electrons of metals can not respond to the electric field
spontaneously and show a dynamic response to the excitation. The retardation made
by this dynamic response, causes a phase difference between the electric field E and the

current density J .



Over a wide frequency range, the optical properties of metals can be explained by a
free electron model, where a gas of free electrons of number density n moves against a
fixed background of positive ion cores. This model is also known as the Drude model. In
the plasma model, details of the lattice potential and electron-electron interactions are not
taken into account. Instead, one simply assumes that some aspects of the band structure
are incorporated into the effective optical mass m of each electron. The electrons oscillate
in response to the applied electromagnetic field, and their motion is damped via collisions
occurring with a characteristic collision frequency w;, = % where 7 is known as the relaxation
time of the free electron gas.

Using a simple second order differential equation of motion for an electron in the plasma
sea, the conductance and consequently the complex permittivity for metals can be found
as:

w2

er(w) = €0 — m (2'1)

where €., is the high frequency dielectric constant of metal and

n
Wp = A/ eo_me (2'2)

is the plasma frequency of free electron gas. For large frequencies close to w,, the product
wt > 1, leading to negligible damping. Here, €(w) is predominantly real, and

€r(W) = €00 — w_g (2.3)

T oo w2 N
can be taken as the dielectric function of the undamped free electron plasma. €., is close to
unity for most of the metals of interest. As this equation shows the permittivity of metals
is negative at frequencies smaller than plasma frequency. It should also be noted that the
behavior of noble metals in the optical frequency region is altered by interband transitions,

leading to an increase in imaginary part of the permittivity [7].

2.1.2 Surface plasmon polaritons on metal-dielectric interface

As it was mentioned in the previous section, real part of permittivity of some metals are
negative at optical frequencies. In this section it is shown that this negative permittivity
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Figure 2.1: Electric and magnetic fields of surface plsmon polariton mode propagating in
the 2 direction.

of metals leads to existence of a kind of surface waves which propagates along a metal-
dielectric boundary and are referred to as surface plasmon polaritons.

Consider a waveguide consisting of a semi-infinite metal with complex permittivity of
€m = €, — jer , and a semi-infinite dielectric with permittivity of ¢, as shown in Fig. [2.1]
The propagation constants of guided modes propagating along such a structure and are
independent of y can be calculated by writing the possible solutions of the Maxwell’s equa-
tions for surface waves in each region and applying boundary conditions. The dispersion
equation will be found to be [7]:

Ym = —7vq for TE modes, (2.4)
Tm — T for TM modes (2.5)
€m €4

where 72 = k? — k?. For having a surface wave, we need both 7,, and 4 to have a

positive real part, thus according to (2.4]) TE surface plasmon modes cannot exist in this
structure. In contrast, because of different signs of the permittivity of metal and dielectric,
TM modes can be guided in this structure and the propagation constant can be
calculated from to be:
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Figure 2.2: A nominal surface plasmon dispersion relation. The dotted line shows the free
space dispersion relation.

BEP = by | = K (2.6)

In (2.6), k. is the phase constant and k” is the extinction constant of the surface
plasmon polariton mode. Propagation length of this mode is define as L = # which
represents the distance in the direction of propagation at which the energy of the surface
plasmon polariton decreases by a factor of % The propagation length is in the order of
few micrometers for noble metals in the visible range of the optical spectrum. A nominal
dispersion relation for a noble metal with air as a dielectric, and the free space dispersion
relation are depicted in Fig. 2.2l As this figure shows, the propagation constant for the
surface plasmon polariton mode is always larger than that of a propagating plane wave,
therefore, these modes cannot be excited by illuminating the structure by a propagating
light wave and other methods of excitation must be used.

The electric and magnetic fields for these modes are shown in Fig. As can be seen
in this figure, fields are confined to the surface and decreases exponentially in the dielectric
and metal. Strong confinement of fields is the most important property of surface plasmon
polaritons which leads to large field amplitude at the interface which is essential in many
different applications such as biomedical sensors and enhanced nonlinear phenomena at
the interface.

Penetration depth of fields into dielectric and metal are defined as Ly = and

L, =

1
2Re(v4)

le). In the visible range, L,, is in the order of ten nanometer and L4 is in the



order of hundreds of nanometers for Gold, Silver and Aluminum. Therefore, the fields are
localized to a region above the metal-dielectric boundary which is about % thick. The field
confinement to the surface in the dielectric side decreases as the wavelength increases and
the field will be less confined to the surface.

2.1.3 Physical nature of surface plasmon polaritons

Considering the above results, it can concluded that surface plasmon polaritons are surface
waves that propagate along the surface of a conductor, usually a metal. These waves are
essentially light waves that are trapped on the surface because of their interaction with the
free electrons of the conductor. In this interaction, the free electrons respond collectively
by oscillating in resonance with the light wave. The resonant interaction between the
surface charge oscillation and the electromagnetic field of the light constitutes the surface
plasmon polariton and gives rise to its unique properties.

2.1.4 Excitation of surface plasmon polaritons

As it was mentioned in the previous section, phase constant of a surface plasmon polariton
mode is larger than the propagation constant in a dielectric medium above the metallic
surface and this mode cannot be excited by illuminating a light beam on the metal-dielectric
interface.

There are three common methods for exciting surface plasmon polaritons by light. The
most common approach of excitation of these waves is by means of a prism coupler and the
Attenuated Total Reflection (ATR) method. In this method surface plasmon polaritons
are excited by the evanescent field of the totally reflected wave in a prism coupler (Figs.
and 2.4). In the Fig. (known as the Otto configuration) the prism is on the dielectric
side and the evanescent filed of the prim couples to the surface plasmon polariton mode,
while in the Fig.[2.4] which is refereed to as the Kretschmann configuration, the evanescent
fields after passing through a thin metal layer, excites the surface plasmon polariton mode
on the other side of the metal surface. The first structure does not need a nanometer
thick metal layer, but requires accurate adjustment of the prism above the metal. In these
structures, the light will be coupled to the surface plasmon polariton mode when its phase
constant becomes equal to the phase constant of the surface plasmon polariton mode, that
is:

kST = nkosin(6) (2.7)



Dielectric N J Ig
B

Metal |

Figure 2.3: Otto’s ATR configuration for coupling of waves into surface plasmon polariton
mode.
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Figure 2.4: Kretschmann’s ATR configuration for coupling of waves into surface plasmon
polariton mode.
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Figure 2.5: Normalized power of a reflected plane wave for different values of gap size g in
the Otto’s configuration (Figs. . The metal is assumed to be Gold with ¢, = —25—751.44
at the wavelength of A\g = 800nm, the dielectric above the Gold’s surface is air with ¢; = 1
and the refractive index of the prism is assumed to be n, = 1.51 (BK7 glass).

When the light is coupled to the surface plasmon polariton mode, the reflected wave
will become small. Figs. 2.5 shows the normalized power of a reflected plane wave as a
function of the incident angle 6 for different values of gap size g in the Otto’s configuration
(Figs. . The metal is assumed to be Gold with €,, = —25 — j1.44 at the wavelength of
Ao = 800nm, the dielectric above the Gold’s surface is air with ¢; = 1 and the refractive
index of the prism is assumed to be n, = 1.51 (BK7 glass). It can be deduced from this
figure that there is an optimum value for g which minimizes the reflected wave at the
coupling angle. This angle is sensitive to the permittivity of the dielectric medium near
the surface of the metal and can be used to measure refractive index of a sample with high
accuracy.

In the second method, the coupling of energy to the surface plasmon polaritons is
performed by using a diffraction grating. When the light beam impinges a grating, different
orders of diffraction will be created and the surface plasmon polariton modes will be excited

10



if one of these orders of diffraction has the same phase constant as the surface plasmon
polariton mode,

BSP — k4 2.
p +5 T (2.8)

where I' is the period of the grating.

The third approach for excitation of surface plasmon polaritons is using the evanescent
wave of a dielectric waveguide. In this approach the coupling happens when the phase
constant of the dielectric waveguide mode becomes equal to the that of surface plasmon
polaritons and this can be achieved by changing the frequency of the guided light.

2.2 Surface Plasmon Polaritons at Terahertz Frequen-
cies

In this section the possibility of exciting surface plasmon waves and their properties at
THz frequencies is discussed. At first, the permittivity of metals at this frequency band is
presented and it is shown that surface plasmon polaritons propagating on a flat metallic
surface are weakly bonded to the metallic surface. At the end other candidates such as
doped semiconductors and structured metal surfaces have been examined.

2.2.1 Terahertz surface plasmons on a dielectric-metal interface

The difference between THz and optical surface plasmon polaritons stems from different
permittivities of metals at these two frequency bands. As it was stated in the previous
chapter, the electromagnetic behavior of many metals at frequencies smaller than their
plasma frequencies, can be well described by free electron model. Equation , can be
almost accurately fitted to the experimentally measured permittivity values of many metals
in a wide range of frequencies including terahertz band [I8|, 17, 15, 16]. Recalling :

w2

(W) = €0 — ——2—— 2.9
(@)= = S (29)
€x = 1 for most of metals and value of plasma and collision frequencies of some metals
are being provided in Table [I7]. As can be seen, the plasma frequency for all of

these metals fall in the visible and ultraviolet part of the spectrum. This result in large

11



Table 2.1: Plasma and collision frequencies of some metals [17].

Metal || f, [THz] | f; [THz]
Al 3570 19.80
Co 960 8.85
Cu 1788 2.20
Au 2184 6.45
Fe 990 4.41
Pb 1782 48.90
Mo 1806 12.36
Ni 1182 10.56
Pd 1320 3.72
Pt 1245 16.74
Ag | 2160 4.35
Ti 609 11.46
\Y% 1248 14.67
W 1551 14.61

permittivity of metals at the THz frequency band. For example, from ([2.9) the permittivity
of the gold can be found as €,, = —1.22 x 105 — j7.24 x 10° at the frequency of f = 1 THz
which is much larger than its values at optical frequencies.

Now consider a surface plasmon polariton mode propagating on a metal-dielectric in-
terface. From (2.6)):

€m€d / S1
k,=k =k, — 5k 2.10
Pl L% (2.10)

it can be seen from this relation that when | €,, |>>| €4 |, the z component of the propagation
constant of surface plasmon polaritons, i.e. k, will be close to the propagation constant in
the dielectric medium k. For example if the metal and dielectric are chosen to be gold and
air, then at the frequency of f = 1 THz, gives:

k,=k(14+1.05x 1077 —j6.74 x 10°") = k, — jk” (2.11)
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thus
k; ~ k (2.12)

K/ =6.74 x 1077k (2.13)

and the x component of the propagation constant in the dielectric medium can be calculated
as (see Fig. (2.1]) for coordinate system orientation):

Yg = \/k2 —k? = (8.9 — j7.6) x 10~*k = 18.6 — j15.9 (2.14)

and the propagation depth into dielectric which is the most important parameter in the
applications such as sensing, imaging and enhanced nonlinear phenomena on the surface
which rely on the field confinement, can be found as:

1
Lij=——=89.7T\=2.7 2.15
d 2Re(7q) am ( )

by comparing this value with the value of L, at optical frequencies which is smaller than a
wavelength, it can be concluded that not only the fields are not confined to the surface, but
also they are weakly guided and any imperfections in the surface can result in decoupling
of the fields from the metal-dielectric interface.

Equation (2.13) shows that the imaginary part of the propagation constant is small
and therefore the propagation length of the surface plasmon polaritons will be large in the

THz band:

1
o2k
This means that surface plasmon polaritons are very low loss waves in the terahertz band.
This result was expected because as it was mentioned its fields are not confined on the
surface and most of the energy is in the dielectric medium which assumed to have negligible
loss. Because of this low loss property, guiding of the THz wave outside of a bare metallic
cylinder has been proposed [22]. Although these kind of waveguides have very small ma-
terial loss, the loss duo to surface imperfection, bends, non-uniformities, or nearby objects
can be very severe and limits their applications.

L =1.18 x 10°X\ = 35.4m (2.16)

2.2.2 Candidates for guiding THz surface plasmon polaritons

It was shown in the previous section that metals can not be used for guiding confined
surface plasmons at THz frequencies as they are commonly used in the optical region of
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the spectrum. In this section we will consider other candidates which can be used instead
of them.

Lets review the results of the previous section, it was found that the large value for the
permittivity of metals lead to the weak confinement of the surface plasmon polaritons to
a metal-dielectric interface. Looking at it is obvious that this is the case whenever
w < w, and the data in the table (2.1)) shows that the plasma frequency for metals lies
in the visible and ultraviolet regions of EM spectrum. Therefore, conductors with smaller
plasma frequencies are needed for guiding THz surface plasmon polariton waves.

Equation shows that the plasma frequency is proportional to the square root
of the carrier density n and it is well known, in semiconductors carrier density can be
controlled by changing the doping level. This fact makes doped semiconductors a candidate
for confined surface plasmon guiding at THz band. Some researchers have measured the
permittivity of doped semiconductors at THz frequencies using time domain spectroscopy
system [4, 9]. In [4] a 0.92 Qcm P-type and a 1.15 Qem N-type doped silicon have been
investigated. After fitting the measurement results with Drude model, the plasma and
collision frequency of f, = 1.75 THz and f; = 1.51 THz for N-type and f, = 1.01 THz and
ft = 0.64 THz for the P-type have been found. As these values for the collision and plasma
frequencies indicate, the ratio of plasma frequency to collision frequency is in the order of
unity for doped semiconductors. This will yield to a lossy dielectric with positive real part
of the permittivity and cannot be used for guiding surface plasmon polaritons with strong
confinement to the semiconductor-dielectric interface and large propagation length.

Another candidate for guiding confined surface waves which behave similar to surface
plasmon polaritons in the THz band is periodically structured metal. It is well known in
the microwave community that a metal surface which has periodic structure (for example
a corrugated surface) can support surface waves [3]. Periodically structured metal surfaces
create an impedance boundary condition and by properly designing the corrugation, a
confined surface wave can be guided. The surface waves guided by these structures will be
called surface plasmon polariton-like surface waves or surface waves for simplicity. Some
authors have also called them spoof surface plasmon polaritons. Recently several researchers
have considered these kinds of surfaces and showed that they can guide spoof surface
plasmon in the terahertz region [12, [6]. In the next chapters these kinds of structures will
be investigated for guiding surface plasmon polariton-like surface waves.
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Chapter 3

Surface Waves Supported by
Periodically Structured Metallic
Surfaces

As it was discussed in the previous chapter, unlike optical surface plasmons, THz surface
plasmons are not highly confined to the metal-dielectric interface due to large permittivity
of metals at THz frequencies.

However, it is well known that a metallic corrugated surface is able to guide surface
waves [5l [3]. Surface waves propagating on a patterned metallic surface have been used in
designing antennas and slow wave structures. [5, 3] have discussed theoretical methods for
analyzing these kinds of surface waves when the period of the periodic corrugation is much
less than the free space wavelength of the field. More recently, [20] has used similar analysis
method to show an effective surface impedance model for these surfaces and to propose
application of these surfaces for guiding surface waves which have similar properties as
surface plasmon polaritons.

In this chapter, a novel metallic two dimensional photonic crystal structure is proposed
that can support strongly confined surface waves at THz frequencies. It is shown that the
proposed structure supports surface waves which are highly confined to its surface. Band
diagram and dispersion curves for the excited plasmonic modes are derived from full wave
EM simulations. ATR technique is used to excite CW THz surface plasmonic waves on the
proposed structure. It is shown that the structure can be used as a sensor for refractive
index sensing and its sensitivity to a change in the refractive index of the sample is defined
and it is demonstrated that the sensitivity is proportional to the group delay of surface
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Figure 3.1: Proposed metallic periodic structure. The columns are 30um x 30um x 60um
(d = 30um and h = 60pm) and the period of the structure is a = 50um.

mode.

3.1 Proposed Periodic Structure for Guiding Surface
Waves

Fig. shows the proposed structure which is composed of an array of square metallic
columns made on a metallic substrate. The columns are 30um x 30um x 60pum (d = 30um
and h = 60um) and the period of the structure is a = 50um. Assuming that the structure
is made of a good conductor with large conductivity, The structure can support surface
wave modes. These modes are confined to the surface of the structure and can propagate
in any direction on the surface of this two dimensional metallic photonic crystals.

The fields of the first guided surface mode of the proposed structure is found by full
wave simulation (the simulation method is explained in the next section) of a single cell.
Fig. |3.2| shows magnitude and vector of the electric field on the X — Z plane at frequency
of f = 1THz for a surface mode propagating in the Z direction. As it can be seen in
this figure, the electric field is highly confined to the surface and is highly enhanced at
the edges and corners of the metallic columns. Free space wavelength at the frequency of
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f = 1THz is Ay = 300um and the fields are localized to a region about ’1\—8 thick above
the surface of the device. High confinement and large field enhancement at the surface are
two main properties that made surface plasmon polaritons interesting at optical frequency.
The surface mode of the proposed structure shows similar characteristics and its field
distribution has common features with the field distribution of surface plasmon polariton
modes at optical frequencies.

3.1.1 Simulation Method for Band Diagram Calculation

Simulations were performed using Ansoft HFSS™ which is a commercial 3-D Finite Ele-
ment based electromagnetic simulator software. For finding band diagram of a surface wave
mode, one cell of the structure has been simulated (Fig. [3.3). The columns and the sub-
strate are assumed to be made of perfect electric conductor, which is a good approximation
for most metals in the THz frequency band.

Periodic boundary condition is used on sidewalls and the structure is terminated with a
perfectly matched layer (PML) in the vertical direction. The PML is placed 200um above
the columns to eliminate its effects on the field distribution. The phase difference between
two sidewalls is assumed to be @, for the walls with normal vector in the z direction and
®,, for the walls with normal vector in the ¢ direction (see the top view of the structure in

Fig. .

With these boundary conditions, eigen-frequency solver of HFSS is used to find fields
and frequency of the surface wave mode. Eigen-frequency solver is commonly used for
determining resonant modes of a resonator. It solves an eigenvalue problem (resonator
without the source) and finds fields and a complex valued frequency for the resonant
mode. The imaginary part of the resonance frequency is nonzero for lossy (structure with
radiation or material loss) structures and a quality factor @) defined as Q) = Mag(/)

5T is also
) mag(f)
being calculated by the software.

By changing the values of ®, and ®, band diagram can be constructed point by point.
Fig. shows the band diagram of the two first surface wave mode of the structure shown
in Fig. that has been calculated by this method. As it can be seen there is a band gap
between these two modes. The dispersion curve of the first surface mode that propagated
in the & direction (the part of the diagram between I" and x), becomes almost flat near y
and as it will be discussed later, this response is desirable for sensing applications.
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Figure 3.2: Magnitude (right) and vector(left) of the electric field on the X — Z plane at
frequency of f = 1THz for a surface mode propagating in the & direction.
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Figure 3.3: One cell of the periodic structure which was simulated for calculation of the
band diagram of surface waves. Perfectly matched layer (PML) was used in the top of the
cell to model infinite space above the cell.

D, [—~

Figure 3.4: The phase difference between two sidewalls of a cell, ®, for the walls with
normal vector in the Z direction and ®, for the walls with normal vector in the ¢ direction.
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Figure 3.5: Band diagram of the two first surface wave mode of the structure shown in

Fig. B.]
3.2 Prism Coupling to Surface Waves

Due to the fact that guided surface modes’ propagation constants are larger than the free
space wavenumber kg, they should be excited by an inhomogeneous plane wave in an ATR
configuration. Fig. shows Otto’s configuration for coupling of a TM polarized beam
to the surface wave propagating in the Z direction. For an incident CW THz beam, the
power of the reflected beam is expected to show a minimum at the coupling angle 6. for
which the phase matching condition of k, = n,kesin(6,.) is satisfied, in this relation n,, is
the refractive index of the prism and k, is the propagation constant of the guided surface
mode. The prism coupling has been explained in details in the next chapter.

3.3 Application as a THz Sensor

The coupling angle in Fig. is extremely sensitive to the refractive index of the medium
between the prism and the metal surface. Therefore, a periodic structure with Otto’s
coupling configuration can be used as a sensor to measure the dielectric constant of the
sample material placed between prism and the metallic surface. For having a quantitive
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Incident THz CW_ _ Reflected Beam
E

Figure 3.6: Otto’s configuration for coupling of a TM polarized beam to the surface wave
propagating in the 2 direction.

measure of sensitivity of a sensor made based on this configuration, a sensitivity parameter
can be defined as:

00
S=— 3.1
ansample ( )
from the matching condition:
k
inf, = — 2
sin - (3.2)

and taking partial derivative with respect to the sample refractive index from both side

of (3.2) gives:
96, 1 Ok,
cosf,. = (3.3)

ansam’bple npkO ansamzple

and thus:
00, 1 0k,

ansam]z)le npkOCOS(ec) ansample

S

(3.4)

Assuming that the sample that is to be sensed fills the space between and above the
columns (in practice it is sufficient to only fill the regions near the surface where the field
is strong), the propagation constant of a the surface mode should be found by solving the
following equation (Ksampie = Nsampicko):

VE+ k2, E=0 (3.5)

sample
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it should be noticed that k, will be only a function of the wavenumber in the sample
medium and therefore multiplication of w and n,:

w
ksample = nsampleko = nsamplez (36)

where ¢ is the speed of light in vacuum.

Partial derivative of propagation constant with respect to the refractive index of the
sample can be written as:

akx o dkx aksample - dkx E (3 7)
ansample B dksample ansample B dksample c .
and,
Oky
dk, %= Ok, c 38)
dksample % Ow Nsample
and thus (3.7)) becomes:
ok,  w akx: w . (3.9)

ansample Nsample Ow Nsample

where 7 is the group delay of the surface mode. Plugging in 8n?f7zple from 1} into {D
leads to:

S = < . (3.10)

N sampleTpCOS (ec>

From ([3.10)) it can be observed that sensitivity is proportional to the group delay of the
excited surface mode. In other words, the sensitivity is proportional to the time interval
over which the fields of the surface wave and the sample interact. Therefore, for maximum
sensitivity, the operation frequency should be set in the flat part of the dispersion curve,
where the group delay is maximum and the group velocity is close to zero. Fig. shows
the dispersion curve for the first surface wave mode on the proposed structure which
has been calculated using eigenmode solver of the HFSS using the method described in
section (because ®, = 0 for waves propagating in the Z direction, from now on @,
has been represented by ® for simplicity). Noticing that:

Oh _ 1o
ow  2ma df

(3.11)

(3.10) can be written as:
& 1 do

S — o
NsampleNpC0s(0,) 2ma df

(3.12)
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Figure 3.7: Dispersion curve for the first surface wave mode on the proposed structure.

Fig. shows % which is calculated by fitting a polynomial to the discrete points of

dispersion relation and calculating the derivative of the fitted polynomial. As it can be
seen from this diagram, % is an increasing function of ®. For n, = 3.42 (silicon prism),
and a = 50um at the frequency of f = 1THz, & = 2.05 (from Fig. gives 0, = 34.9°.
From Fig. [3.8 ‘fi—;? = 1.26 x 107! at ® = 2.05 and the sensitivity is calculated using ((3.10

as S = 245.8°.

The sensitivity of the coupling angle with respect to the sample refractive index can
also be calculated by simulation of plane wave incidence on the air-prism incidence and
finding a minimum in the reflected field. Fig. shows the amplitude of the reflected plane
as function of the incident angle 0 for different values of the sample permittivity. The gap
width g between the prism and the metal surface should be adjusted carefully to achieve
an efficient coupling. From simulation, the optimum value for g is found to be g = 45um
for the structure made of silver with conductivity of o = 5.8 x 107. Because of the prism
presence, the coupling angle has been changed from 34.9° to 37°. The sensitivity parameter
can be found from this figure to be S =~ 250° which is in good agreement with the value
found from . With 0.1 degrees accuracy in the measurement of 6, it is possible to
sense a change as small as 4 x 1074 in the refractive index of the sample under test.
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Figure 3.8: % for the first surface mode of the structure of Fig. .
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Figure 3.9: Amplitude of the reflected plane for different values of the sample permittivity.
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Chapter 4

Analysis of Prism Coupling to
Surface Plasmon-like Surface Waves

In this chapter a scattering parameter formulation is developed for modeling prism coupling
to surface waves guided on a periodic structure (see Fig. . Although the model is general
and can be applied and extended to a wide variety of problems, here the structure that
was introduced in the previous chapter has been used for explaining and verification of the
method.

4.1 Scattering Parameter Modeling of Prism Coupling
to Periodic Structures

The method is based on the scattering parameters of one cell of the periodic structure
and the prism above the structure. The prism is assumed to be large compared to the
cell and is modeled as an infinite dielectric half space above the cell as shown in Fig. 1.2
Furthermore, it is assumed that the prism is far enough form the structure’s surface so
that the field distribution of the surface waves is not disturbed significantly. Furthermore,
the structure is assumed to guide only one surface wave mode.

Considering these assumptions the fields entering and exiting a cell of the periodic
structure on the left and right sides of each cell, can be approximated by linear combination
of a plane wave incident on and reflected from the structure and the surface wave guided
on the structure. The fields are normalized in a way that the squared absolute value of
their amplitude represents the power carried by them. Fig. shows these amplitudes
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Figure 4.1: Prism coupling of a TM polarized beam to the surface wave propagating on a
periodic structure.

and because of the linearity and reciprocal property of the structure, they can be related

to each other as:
Bl . t K Al
(5) (o) () )

where & is coupling coefficient, t is transmission coefficient of the surface wave, and r is
reflection coefficient of the incident plane wave. For finding relations among these coeffi-
cients, a four port network model as shown in Fig. can be used. Four port scattering
parameter of matrix of the cell shown in Fig. [£.2] can be written as:

by 0O r k O aq

b | | 7 0 0 & Qs
b3 o k 0 0 ¢t as (42)

b4 0  t O ay

unitary property of scattering matrix of a lossless structure requires:

Ir]> + |&|* =1 (4.3)
re" +rKt" =0 (4.4)
2k —Lr=Lt+T (4.5)
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Figure 4.2: Schematic of the input and output waves of one cell of a periodic structure.

S

Figure 4.3: A four port network model for the cell shown in the Fig.
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For a lossless prism and a periodic structure with small loss and small coupling coeffi-
cient these equations remain approximately valid and the only correction to the transmis-
sion coefficient ¢ due to loss is nonzero up to the fist order of approximation. Using the
conservation of energy the equation for the absolute value the transmission coefficient is:

[t* + [ + P = 1 (4.6)

where P, is the power lost because of the material loss of the periodic structure when
|A;| = 1. There is also a correction to the phase of the transmission coefficient that will
be explained in following sections.

4.2 Model Parameters Extraction

In this section a method is introduced for extraction of coupling parameters from results of
EM simulations of a single cell. It will be shown that energy transport velocity and group
velocity of a surface wave propagating on a periodic structure are the same. Using this
result, formulas for calculation of coupling parameters will be derived.

4.2.1 Energy transport velocity

Electric and magnetic field of a surface wave propagating on a periodic structure at fre-
quency wy satisfy Maxwell’s equations:

V X Eg = —jwouHg
V x HO = ijEEO

and the fields at frequency w the similar equations with wy replaced by w:

V x E=—jwuH (4.9)
V x H = jweE (4.10)
(4.7) to (4.10) result in:
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adding (4.12)) and (4.11)) gives:
V- (H X EO* + HO* X E) = j(u} — Wo)EE . ]'—_‘)0>k +](w — WQ)[I,HO* -H (413)

integrating both side of (4.11)) over the volume of a cell (infinite in the direction perpen-
dicular to the surface of the periodic structure):

/ (H X EO* -+ HO* X E) -ds = j(w — u)o) / GEO* -E+ ILLH . Ho*d?) (414)
v 1%

where on the right hand side the Gauss theorem has been used to replace the volume
integral with a surface integral over the cell boundaries. Assuming Floquet wavenumber
of surface wave is given by K = K, % + K, and noticing that the surface integral is zero

on the structure’s surface and the boundary at infinity (fields go to zero exponentially in
the direction perpendicular to the structure surface), (4.14)) can be written as:

(1- e—ﬂKI—Kwo)“z)/ (H x Eo* + Hy* x E) - ds+
S

(1 _ e—j(Ky—Kyo)“y)/

S

x—

(HXE0*+H0*><E)~ds-j(w—w0)/eE0*-E—l—,uH-Ho*dv

v— 1%

(4.15)

where the surface integrals on four peripheral faces have been simplified to two integral on
faces Sx- and Sy- using Floquet theorem relation between fields on parallel faces. Sx-
and Sy- are surfaces of the cell with normal vectors in the z and y at lower value of x
and y respectively. Now consider the limit when w — wy and K, — K,,, so the following
approximation can be made:

1— e—j(Kx_Kl‘o)ax N ]AKx% (416)
1 — e dEv=Kwa  jAK a, (4.17)

replacing these expressions in (4.15]) with their approximate values, gives:
2P, jAKa, + 2P, jAK a, = jAW(2W) (4.18)

where P, and P, are average powers entering the cell from the Sx- and Sy- surfaces
respectively, and W is the stored power in the cell, that is:
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{ ExH"- azds} (4.19)

{ E x H* - g)ds} (4.20)

=3 / e|E]* + u[H|*dv (4.21)
(4.18) can be further simplified as:
dK, dK,
P.a,— T + Pa,—— T W (4.22)
or,
P.a, P,
22l | Tyly (4.23)
Vg, Ugy
where v,, = di“; and vy, = dK . For the case that the surface wave propagates only in the

Z direction, (4.23) reduces to:

a, P,
Vg, = 4.24
here vy, is the group velocity of the surface wave. The energy transport velocity is defined

as:

ve, 2 %2 (4.25)

where T, is the time that takes for the energy stored in a cell to be transported to its next
cell, that is:

w
T, = — 4.26
A (1.26)
using this definition and (4.24)) it is found that
Uy _ Aol
Ve, = A T Vg, (4.27)



Figure 4.4: One cell of the periodic structure which contains a part of prism and one cell
of the periodic surface.

therefore, for a surface wave propagating on a periodic structure, energy transport velocity
and group velocity are equal.

4.2.2 Parameters calculation

Using the result of the previous section a method for extraction of coupling parameters
from eigen-frequency simulation of a single cell can be devised that is explained in this
section. Eigen-frequency simulation of one cell of the periodic structure and prism as
shown in Fig. [1.4] is considered. Similar to what was assumed in the section [B.1.1], the
periodic boundary condition is used on peripheral faces with ®, and zero phase shifts in
the z and g directions. Furthermore, material loss due to the finite conductivity of metals
is ignored. As a result of the radiation loss, a complex valued frequency and a quality
factor @), can be found that sustain the fields in the cell.

The definition of the coupling coefficient x is the ratio of the amplitude of radiated
plane wave to the amplitude of the entering surface wave, that is:
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By
A

and absolute value of the radiated field mode is equal to the square root of radiated power:

By = \/Pr (4.29)

and the stored energy in a cell can be found by use of (4.27)):

k| = (4.28)

K,
and the quality factor @,
W aI]AﬂQ
Qr=wo5 =W (4.31)
P B

thus, absolute value of coupling coefficient is given by:

o1 [T
v AVQr :1%\/@

and % can be calculated from the dispersion diagram of the mode.

(4.32)

Now consider simulation of a cell similar to the one shown in Fig. £.4] but without the
prism and with material loss of the metal. Using similar method of reasoning it can be
shown that:

f1

P ==
n lif

EQZ

where P,;, as was defined in the section [4.1], is the amount of power lost due to material loss
when A; = 1. By use of (4.3)) and (4.6)), the absolute value of other coupling parameters
can be found as:

(4.33)

f1

rl=4\|/1= 5~
£ Qr

(4.34)

32



/ 1
it =, /1 - %@ (4.35)

where ); is total quality factor defined as:
a1 1
Qt Qr Ql
ignoring the effect of coupling in the phase of reflected plane wave, the phase of the reflection

coefficient can be approximated by the phase shift of a TM plane wave when it undergoes
total internal reflection [21]:

(4.36)

-1 cos?(0..)
zr = -1 4.37
" sin?(0.) \| cos?(6) (437)

and the phase of the transmission coefficient is equal to —® (the phase difference between
two boundary faces with & normal). This phase shift is for a structure without material loss,
small material loss leads to a small correction ®. which can be found from the simulation
of the lossy structure without the prism (the one which was done for finding @;). Thus,

Lt =—(P+ D) (4.38)
and the phase of the coupling coefficient can be calculated from (4.5)):

Lr+ Lt
_Larrst T (4.39)

/
r 2 2

The method described above is used for extraction of coupling parameters of the pe-
riodic structure proposed in the previous chapter at f = 1 THz for different values of g
(the gap size between the prism and the structure’s surface). It can be noticed that all the
coupling parameters can be found by knowing the values of %, d., Q;, k, and ®. The first

three of these do not depend on the gap size. % was found from the dispersion relation

(Fig. to be equal to 8.2 x 10!, &, and Q; were found from simulation of a cell without
the prism but with metallic loss and were found to be equal to 0.03 rad and 231.4. ® and
k are function of the gap size and have been calculated for few values of g by simulating a
cell with prism on the top but without material loss. Figs. and show dependance
of these to parameters on the gap size. Polynomial curves were fitted to the data and the
fitted data are used in the following sections.
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Figure 4.7: Coupling of a TM polarized plane wave to a source wave mode of a periodic
structure.

4.3 Coupling of Plane Waves to a Periodic Structure

Using the scattering parameter formulation introduced in previous sections for a single
cell, coupling of a plane wave to the surface waves can be modeled. The results has been
compared to EM simulation results of the structure performed in Ansoft HFSS and good
agreement between them verifies the validity of the scattering parameter model.

Consider a plane wave is shone on an infinite periodic structure as shown in Figs. 4.7}
For each cell of the periodic structure input and output waves are related by (4.1)):

(5)= (e 7) (%) 0

and due to infinite nature of plane wave a phase difference ¢ is dictated between two
adjacent cells, therefore:

By =e%A, (4.41)
¢ = konysin(6;)a (4.42)

(4.1) and (4.41) lead to:

Bl = t@jd)Bl + IiAQ

BQ = Ii@j¢Bl + TAQ (443)
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Figure 4.8: Magnitude and phase of the reflected plane wave for gap size of g = 25um.
Solid curve is the result obtained from the scattering parameter model and dots represent
HFSS simulation results.

thus,
K
Bi=—-—-A 4.44
Pl —eiet? (444)
K2eI®

(4.1) and (4.41) are reminiscent of well known equations of coupling of waves to a ring
resonator and therefore, there is an optimum value for the gap size x that critical coupling
happens.

The model has been verified by comparing its results for plane wave incidence on the
periodic structure of previous chapter to direct EM simulations in Ansoft HFSS. For HFSS
simulations, Floquet port along with periodic boundary condition have been used. Figs.|4.8
to [4.14] show the results for the reflected wave By calculated from the scattering parameter
model and HFSS simulations.

Fig. [£.15] shows the amplitude of the reflected wave as a function of the incident angle
for different values of gap size g. As it can be seen from this figure, the optimum value for
the gap size is 45um.
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Figure 4.9: Magnitude and phase of the reflected plane wave for gap size of g = 30um.
Solid curve is the result obtained from the scattering parameter model and dots represent
HFSS simulation results.
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Figure 4.10: Magnitude and phase of the reflected plane wave for gap size of g = 40um.
Solid curve is the result obtained from the scattering parameter model and dots represent
HFSS simulation results.
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Figure 4.11: Magnitude and phase of the reflected plane wave for gap size of g = 45um.
Solid curve is the result obtained from the scattering parameter model and dots represent
HFSS simulation results.
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Figure 4.12: Magnitude and phase of the reflected plane wave for gap size of g = 50um.
Solid curve is the result obtained from the scattering parameter model and dots represent
HFSS simulation results.
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Figure 4.13: Magnitude and phase of the reflected plane wave for gap size of g = 60um.
Solid curve is the result obtained from the scattering parameter model and dots represent
HFSS simulation results.
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Figure 4.14: Magnitude and phase of the reflected plane wave for gap size of g = 70um.
Solid curve is the result obtained from the scattering parameter model and dots represent
HFSS simulation results.
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Figure 4.15: Magnitude of the reflected plane wave for different values of gap size obtained
from the scattering parameter model.

4.4 Analysis of Gaussian Beam Coupling using PWE
Method

In the previous section coupling of plane waves to the periodic structure using prism
coupling was investigated. A plane wave has infinite extent and in most of applications
the field incident on the structure can be better approximated by a Gaussian beam. In
this section, coupling of a Gaussian beam to the surface wave mode of the structure using
the Plane Wave Expansion (PWE) method is presented.

A scalar three dimensional Gaussian beam propagating along the z axis is given by[21]:

WO _12+y2 —k‘ _ kJM .

U(x,y,z) = e~ Wy ¢ IhEmIRgRGy Ti8() 4.46
where z; is the Rayleigh range, W} is the beam waist radius, R(z) is the radius of curvature
of wavefront, and £(z) represents the phase retardation relative to a plane wave propagating
in the z direction. These parameters are given by the following relations:
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%= (4.47)
W(z) = Wy, [1+ (Zi)2 (4.48)

0
R(z) = 2(1+ (2% (4.49)
£(2) = tan () (4.50)

20

and electrical field of a vectorial Gaussian beam is given by [21]:
x

E=(z- 2)U(x,y, 4.51
(= =902 (1.51)

A Gaussian beam can be expressed as superposition of plane waves propagating in
different directions. Using and reflected and coupled field of each plane wave
can be calculated and the result for different plane waves added together to constitute the
total reflected and coupled fields.

4.4.1 Two Dimensional Gaussian Beam Incidence

A two dimensional Gaussian beam (a Gaussian beam without y dependance) is considered
first (Fig. . The case of three dimensional beam is discussed afterward. Using spectral
domain formulation a field can be expanded in terms of plane waves. Electrical field and
its spectral domain representations are Fourier transform pairs:

- 1 o0 )
E=_- N Ee/***dxy (4.52)
E = / Ee k=, (4.53)

o0

Spectral domain counterpart of the incident electrical field (E;) on the z = 0 plane can

be calculated using (4.52)) and (4.46]):

Eidk, = Wok
2\/m

Woksin(84)

e (T )? (cos(6; + Qd)f( + sin(0; + Qd)Z)de (4.54)
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Figure 4.16: Coupling of a TM polarized Gaussian beam to a source wave mode of a
periodic structure.

where 6, is the angle between the direction of the propagation of the plane wave and axis
of propagation of the beam, that is:

Ky
sin(fy) = i’ (4.55)
The total electrical field can be calculated by adding the incident and reflected fields
and are given by:

z

E = /(1 . R€_jkcos(0i+9d)(2d))E~i 7+ (1 + Re—jkcos(9i+9d)(2d))E e_j(kXX—HcZZ)éded (456)

where the R is the reflection coefficient:

Bs K2el?
=Z=r+——0 4,
i Ay r 1 — ei%t (4.57)
¢ = konysin(f; + ba)a (4.58)
and kx = ksin(0; + 6,) and kz; = —kcos(0; + 04) are X and Z components of wavevector

of a constitutive plane wave of the field.

Equation (4.56) gives a closed form formula for the field of a Gaussian beam that
illuminates the prism air interface. Only a one dimensional integral should be evaluated
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Figure 4.17: Absolute value of the electrical field squared found using PWE method with
0; = 45° and Wy = 1000um.

numerically at different points of X —Z plane. The integral has been calculated numerically
in MATLAB for different values of incident angles and beam waist radii by using the
values for coupling parameters that were calculated in previous sections. In all the results
presented here the frequency is assumed to be f = 1THz and the gap size has its optimum
value found previously i.e. g = 45um. Fig. 4.17| shows the absolute value of the electrical
field squared for 6; = 45° and Wy = 1000um. As it can be seen in this figure, the field is
almost completely reflected from the interface.

As it can be seen from Fig. minimum reflection of a plane wave from the interface
and minimum coupling to the surface wave happens when 6 = 37.1°. Fig. shows the
field of a Gaussian beam with Wy = 1000um shone at 6 = 37.1° on the structure. The figure
shows that some part of the beam is coupled and the parts that are reflected are composed
of two beam propagating in two directions making a small angle with each other. The
reason for this phenomenon is the wide spectrum of incident wave in the spectral domain.
The central part of the spectrum (plane waves propagating near 6;) has been coupled to
surface wave and two other remaining sides of the spectrum have been reflected back. If
the incident Gaussian beam is more collimated, this means a beam with larger beam width
radius, then almost all of the field can be coupled to the surface waves. Fig. [4.19 shows a
beam with Wy = 6000um and as it was expected the reflected field is negligible.

The coupled field can also be found by use of and a similar procedure that was
explained for the reflected field. Fig. shows the absolute value of the coupled field
(B1) along with the incident field. The incident field is plotted four times larger to make
the shift between two curves more clear.
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Figure 4.18: Absolute value of the electrical field squared found using PWE method with
0; = 37.1° and W, = 1000um.
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Figure 4.19: Absolute value of the electrical field squared found using PWE method with
0; = 37.1° and Wy = 6000pm.
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Figure 4.20: Absolute value of the coupled field (B;) and the incident field. Note that The
incident field is plotted four times larger.

4.4.2 Three Dimensional Gaussian Beam Incidence

The analysis of the interaction of a three dimensional beam with a periodic structure can
also be performed with the PWE method. A three dimensional Gaussian beam can also
be expanded in terms of plane waves that propagate in different directions. For a well
collimated beam , spectral domain contents of the beam is only significant along the beam
axis. In special case of the proposed structure the axis of the beam incident on the structure
is in the X — Z plane and therefore its spectral domain representation has significant value
only for plane waves with small y direction wavevector components i.e. k, < k, and only
the value of the reflection coefficient R in vicinity of k, = 0 is required for finding the
reflected field. Due to symmetry of the structure with respect to the X — Z plane, R(k,)
and R(—k,) are equal and thus:

orR

ok,
therefore spectral domain shape of a collimated beam will not change after reflection from
the surface (it will just be multiplied by R(k, = 0). In other words, the variation of a three
dimensional beam in the y direction will be preserved after reflection and its = direction
variation will be same as that of a two dimensional beam discussed before.

0 (4.59)
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4.5 Analysis of Gaussian Beam Coupling using LPWA
Method

The interaction of a beam with a periodic structure can also be modeled by using Local
Plane Wave Approximation (LPWA) which is explained in this section. This method is
based on approximation of the incident field over one cell of the structure by a plane
wave with amplitude equal to the incident field amplitude at the cell position and its
angle determined by the phase difference of the cell with its neighbor. Therefore the key
requirement for applying this method is the slow variation of the envelope of the incident
field over the air prism interface.

If this requirement is met, the scattering parameter formulation introduced in sec-
tion can be used to describe the coupled and reflected field. More specifically the
relation between incident, surface wave and reflected wave amplitudes for the n'* cell will
be as:

Bln = tBln,1 + KJAQn (460)
Bgn = /ﬂ)Bln_l + TAQn (461)

for deriving and A;, has been replaced by B;, , because the surface wave
entering the n'® cell is the wave that has left the n — 1'* cell. Ay, is the amplitude of the
incident wave at the cell position on the air-prism interface (e.g. at the middle of the cell)
and the coupling parameters are determined by the gap size and the incident wave angle.
These two recursive equations can be solved by assuming Bj, = 0 (zero coupled surface
wave) for a cell far enough from the beam incidence region.

Incident and reflected fields propagation in the prism can be performed using spectral
domain formulation. Fast Fourier Transform has been used for calculation of the Fourier
transform components of the field and for calculation of the inverse flourier transform.
Fig. shows the amplitude of the Z component (see Fig. for the coordinate sys-
tem orientation) of the reflected electrical field calculated by PWE and LPWA methods.
The incident field is a two dimensional Gaussian beam with W, = 6000um, the angle of
incidence is ; = 37.1°, and the gap size g = 45um. Fig. shows the phase of the X
component of the electrical field multiplied by e®™(#)X (to compensate for the fast varying
part of the phase) along the air-prism interface. As it is clear from these plots, results
of both methods are in good agreement with each other and this agreement verifies the
validity of LPWA method.
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Figure 4.21: Magnitude of the Z component of the reflected electrical field calculated by
PWE and LPWA methods.
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Figure 4.22: Phase of the X component of the reflected electrical field calculated by PWE
and LPWA methods.
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Figure 4.23: Absolute value of the electrical field squared found using LPWA method with
0; = 37.1° and Wy = 2000pm.

Total electric energy of a Gaussian beam with W, = 2000um shone at 8; = 37.1° on the
same periodic structure described above is calculated using LPWA method and is depicted
on Fig. [4.23] Fig. 4.24]shows the same quantity that has been calculated by PWE method.
The results from the two methods match pretty well which is another verification for the
LPWA method. The main advantage of the LPWA method compared to PWE method
is its capability for simulating aperiodic structures. For example consider a case where
the prism is not parallel with the surface of the periodic structure and is tilted by a small
angle 0, (as shown in Fig. . In this case the whole device (prism and the periodic
structure) is no longer periodic and the PWE method cannot be used for its simulation.
However, LPWA method does not use the periodicity of the structure and can be used
in this case. As long as the change in the gap size between the prism and the surface of
the periodic structure remains small compared to its average value, coupling parameters
for untilted prism can be used. These parameter can be calculated for different values of
the gap size using the polynomial functions fitted to x and ® (Figs. and . The
absolute value of the X component of the reflected electrical field on the prism surface
has been calculated and is plotted in Fig. for the tilt angle of #; = 0.07° and for the
untilted prism (¢; = 0.07°). The incident beam is assumed to be a Gaussian beam with
Wy = 6000um incident at the angle of ; = 37.1° on the air-prism interface.
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Figure 4.24: Absolute value of the electrical field squared found using PWE method with
0; = 37.1° and Wy = 2000pum.

Figure 4.25: Coupling of a TM polarized Gaussian beam to a source wave mode of a
periodic structure using a tilted prism.
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Figure 4.26: Magnitude of the X component of the reflected electrical field on the prism
surface for the tilt angle of §; = 0.07° and the untilted prism.
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Chapter 5

Device Fabrication and Experimental
Setup

5.1 Device Fabrication and Characterization

In this chapter details of fabrication and experimental setup designed for coupling surface
waves on the structure proposed in previous chapters is presented.

The proposed structure, Fig. as was discussed earlier is an array of 30um x 30um
square metallic columns of A = 60um high. The period of the structure is a = 50um
and therefore the gap between to adjacent column is 20um. The structure is supposed
to operate at f = 1THz and the beam size of a beam at this frequency is about lem
and therefore the structure size should be few c¢m by few c¢m. In addition to that the
conductivity of the metal is preferred to be as large as possible.

For fabrication of the device an area of 2cm x 4em is patterned using Deep Reactive-
Ion Etching (DRIE) of silicon on a 3em x 5¢m piece of silicon. After 60pum of etching, a
2um thick layer of silver is sputtered on the patterned silicon. The skin depth of silver
at f = 1THz is about 70nm and 2um silver should be enough for preventing the fields to
penetrate into the silicon. Fig. show an image of the fabricated device.

Scanning electron microscope (SEM) images of this structure are shown in Figs.
and [5.4]
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Figure 5.1: Proposed metallic periodic structure. The columns are 30um x 30um x 60um
(d = 30um and h = 60pm) and the period of the structure is a = 50um.

Figure 5.2: Image of the fabricated device.
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Figure 5.3: SEM image of the fabricated device (top view).

Figure 5.4: SEM image of the fabricated device (oblique view).
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Figure 5.5: Schematic of the holders of the device and prism.

5.2 Experimental Setup

A measurement setup has been designed for coupling of continuos wave THz radiation into
the surface waves propagating on the fabricated periodic structure.

As it is shown in Fig. the fabricated structure is fixed on a holder and plastic shims
with known thickness have been put on top of the unpatterned part to adjust the gap size.
A silicon prism has been put on top of the shims. Another holder that pushes the prism
down is tightened to the back holder by bolts and nuts. Fig. shows an image of the
prism and holders which is mounted with along with a THz mirror on a rotation stage.

The experimental setup is shown in Fig. and its schematic in Fig. Source of
THz radiation is a Backward Wave Oscillator (BWO) which generates tens of milliwatts
of continues wave millimeter-wave radiation and is tuneable in the frequency range of
87 to 180GHz. The output of BWO is frequency multiplied by diode multipliers to cover
frequencies up to about 1.5THz. The THz wave radiated at end of the multipliers waveguide
is polarized in the direction perpendicular to the optical table. A THz lens collects the
radiated wave and its output is a collimated beam. For characterization of beam shape
a pinhole has been scanned in a plane perpendicular to the beam axis and it has been
found that at the frequency of f = 1THz a Gaussian beam with W, = 6800um is a good
approximation for the THz beam.

The beam should enter the prism and after undergoing total internal reflection it should
be detected by a THz detector. The measurement setup should be designed in a way that
when the prism and the periodic structure is rotated to change the incident angle of the
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Figure 5.6: Image of the prism and holders.

beam, the beam should still go into the detector. This problem is become more clear if it
be noticed that if a surface that the beam is reflected from is rotated by an angle 6 the
reflected beam will be rotated by 260 with respect to its previous direction. For tackling this
problem another mirror is mounted on same rotation stage that the prism is mounted. The
beam is reflected from this mirror first and then enters the prism (see Fig. [5.8)). By using
geometrical optics, it can easily be shown that the beam exiting the prism will preserve
its orientation and lateral position if the rotation center be chosen to be the intersection
of the extension of mirror surface and the periodic structure surface.

The beam exiting the prism is being focused to a THz detector using another THz
lens. Detector of the THz radiation that has been used is a Golay-cell which is a room
temperature THz detector that is able to detect THz radiations with the tens of nanowatts
of power. Measurement is currently being don by another member of group.
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Figure 5.7: Image of the experimental setup.
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Figure 5.8: Schematic of experimental setup of Fig
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Chapter 6

Summary and Future Research

6.1 Summary

The extension of the idea of optical surface plasmon polaritons to THz frequencies was
presented in this thesis. A review on the main properties of optical surface plasmon polari-
tons that propagate along a metal-dielectric interface was presented and it was discussed
that negative real part of the permittivity of metals is responsible for existence of these
waves. Typical methods for coupling of free propagating waves to surface plasmon po-
laritons were also presented. Existence and properties of THz surface plasmon polaritons
on a metal-dielectric interface was demonstrated next and it was concluded that these
waves are loosely bonded to the interface and cannot be used for making sensors. Doped
semiconductors were also found to be too lossy to guide THz surface plasmon polaritons.

The possibility of guiding surface waves with field distribution similar to that of surface
plasmon polaritons was considered in the chapter [3] A metallic two dimensional photonic
crystal was proposed and it was shown that the proposed structure supports a surface
wave that its propagation constant is very sensitive to the material near the surface of the
structure. Otto’s configuration was used for coupling of a TM beam to the surface wave.
A sensitivity parameter was defined to quantify the performance of the sensor and using
an analytical derivation, it was shown that the sensitivity is proportional to the time over
which fields interact with the sample.

A novel method based on scattering parameter modeling of a cell of a periodic structure
was introduced in chapter |4 to model the coupling of free propagating waves into surface
waves. A method that uses eigen-frequency simulation of a single cell of the structure
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for calculation of coupling parameters of a cell was demonstrated. The validity of the
model was verified by full wave simulation of incidence of a plane wave and comparing its
results with the results found from scattering parameter model. Incorporating the PWE
method along with the scattering parameter model for coupling, coupling of a Gaussian
beam to the surface waves was simulated. Local plane wave approximation method was
also introduced and it was shown that provided the condition for its validity be satisfied,
it gives accurate results and has the advantage that can be used for simulation of coupling
of waves to aperiodic structures as well.

Fabrication and characterization of the proposed structure were presented in chapter 5]
The details of the experimental setup which was designed for coupling of a THz beam to
the fabricated structure were explained as well.

6.2 Future Research

It should be noted that the research work presented in this thesis for designing a sensor
based on THz surface plasmon polaritons was mostly proof of concept and more sophis-
ticated devices and configurations can be devised. Other methods of coupling of waves
to the surface waves can also be investigated. Another line of research can be integration
of surface plasmon polariton based sensors with a THz photomixing based source or a
quantum cascade laser. Alternative fabrication techniques may also be used to decrease
the fabrication cost.
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