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Abstract

Terahertz wave (THz) is comprised of electromagnetic waves carrying
frequencies from 0.1 to 30 THz. Terahertz radiation has the ability to interact with a
wide range of materials, such as plastic and paper, and to provide low-energy
probing of the system's electronic nature, including inter/intra-molecular motions
and Debye relaxation - these are not accessible by other wavelengths. Further
appealing feature for THz ray is the nonionizing nature and the distinctive optical
response of various materials are important for analyzing diverse applications such
as material quality control, pharmaceutical, industrial production lines, and
biological. Upon that THz waves have been utilized for imaging and spectroscopy,
especially Terahertz Time-Domain Spectroscopy (THz-TDS) associated to its ability

in measuring the change in the electric field with high sensitivity in time-domain.

Surface plasmon-polaritons (SPPs) at metal-dielectric interfaces have been
proven for several decades as a reliable technique for surface analysis and
investigation of thin films due to the two dimensional nature of SPPs and the strong
electromagnetic field at the interface. Extraordinary transmission of light through
subwavelength hole arrays has attracted many areas of applications including
optical data storage, near field microscopy, optical displays, and thin film sensing.
The enhancement in the tunneled transmission light stemming from the coupling
with SPP by the surface configurations has been explored through the waveguide
theory and the grating theory of the frequency-selective characteristic of SPP

resonances.

At THz frequencies, the extraordinary transmission through thin metallic hole
arrays has been demonstrated through the excitation of SPP on the metal-dielectric
interface confining the incident THz pulse around the holes, hence precluding THz
pulse from easily passing and attenuating into the conductor. Implementing THz
SPP in thin film sensing has great potential for industrial applications because the

two dimensional nature of SPPs and the strong electromagnetic field at the interface
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with the THz natural reaction with the material provides reliable measurements of
thin film spectroscopy including optical and dielectric constants, film thickness, and
inhomogeneities at interfaces with high precision. This motivates the investigation
of the characteristics such as purity of thin organic film including PMMA and those

used in organic light emitting diode (OLED) through THz SPR devices.

Two SPR devices contain either 2D periodic circular or square hole array in 500
nm Al on an 5 mm-thick intrinsic silicon, or a single subwavelength aperture
surrounded by concentric periodic grooves of a set period in a metal plate (which is
known as a Bull’s eye structure), and was fabricated by following the micro-
fabrications process encompassed from UV photolithography and wet and dry
etching to transfer the pattern into the Al film. The SPR device consisting of 2D
periodic circular or square hole array with and without thin Poly(methyl
methacrylate) (PMMA) film on it is placed at the focus of the THz beam in
transmission THz-TDS, where the spectrum is obtained from the Fourier-
transformed sample and reference THz pulses. The transmission is obtained from
the ratio between the sample spectrum and reference spectrum, whereas the phase
change is the phase difference between the two spectra. To avoid overlap with
water absorption lines, the optimal SPR device design has a period of 320 um and
square holes of 150 pm side length. We successfully confirmed the theoretical SPR
frequencies for metal-silicon mode and demonstrate a shift to 0.9211 THz due to 2

um of PMMA layer on the surface.
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CHAPTER 1

INTRODUCTION

Terahertz (THz) radiation, also known as submillimeter radiation, T-ray, or far
infrared (FIR) radiation, is situated between the microwave and the infrared regions
in the electromagnetic spectrum » 2. Sources of THz radiation surround us, including
cosmic background radiation as well as blackbody radiation from room temperature
objects 1. 2. The frequencies in this region cover between 100 GHz to 10 THz with
wavelengths “in vacuum” from 3mm to 30 um [see Figure 1] 1->. The THz region has
been referred to as the THz gap [see Figure 1] of which little research has been
exploited owing to the lack of powerful sources that emit a coherent THz wave,
detectors to collect the THz signal, and necessary hardware 2.26. THz band has been
dividing the microwave and the infrared regions into solid-state electronics and

optical photonics for a long period of time 1. 4.
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Figure 1.1. [llustration of the THz region and the THz gap 1.
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Figure 1.2. The use techniques to bridge the THz gap 2.

However, due to the unique characteristics of THz radiation, the THz gap has
evolved into an intensive research area 23 4. Figure 2 shows the techniques used to
bridge this THz gap. The development of the laser in the 1960s initiated the
investigation in THz band since the high power laser sources provide coherent THz
waves 4 ¢, In 1964, Gebbie et al. completed the first report on THz; however, the first
successful emission and sensing of THz waves occurred in 1980 1.4 6, Finding
suitable sources and detectors for THz waves and having the ability to control and
manipulate THz waves were the aims of early research 1.2. Electronic devices in the
microwave region cannot provide output with frequencies above GHz 2¢. Radiation
carried THz frequencies could not be obtained from interband diode lasers, used to
generate infrared rays, due to the lack of semiconducters with short-lifetime
carriers 26.Therefore, approximations applied to optical photonic waves and
electromagnetic waves including principles, tools, as well as the mechanisms of
generation and detection, which cannot be used to explore the THz band [see Table
1] 24, Although THz waves can be described by Maxwell’s equations, new principles,
materials, and tools are needed that include pure principles of microwaves, or pure
principles of infrared by introducing new materials and tools 2. Alternatively,
combining techniques from the state-of-art of both microwaves and infrared are

being demonstrated such as through photomixing 2. At present, numerous sources



generate T-rays either in short-pulse mode or continuous wave (CW) mode with

output power ranging from nanowatt to 10 W 25,

Electromagnetics Optics
Name of waves | Electromagnetic waves Optical waves
Principle Maxwell equations Schrodinger equations
Emission Classical movement Quantum transition
Measurement | Electric field Intensity
Tools Circuit, antenna, waveguide | Lens, mirror, fiber
Approximation | Uniform field Uniform medium

Table 1.1. The use of approximations in the infrared region and the microwave region ™.

THz radiation has unique and desirable features [see Figure 3 and 4], which have
attracted the researchers to explore the THz region 1-489, (1) Many optically opaque
materials, which have low-interaction energy and carry a high dielectric constant
and a low-quality factor, can be directly detected by T-rays #3427, Such a capability
can enable the detection and distinguishing of plastic explosives in cloth, case, and
plastic, or provide images of objects below or between such materials 23427, (2)
Materials have distinct signatures to the far-infrared region due to their unique
molecular vibrations and rotational energy levels between weakly bound molecular
entities with hydrogen bonds and weak interaction (van der Waals forces); these
signatures allow T-rays to directly characterize or sense their chemical
compositions [see Figure 3] 234928 For example, a label free method for genetic
analysis can be employed by using THz waves due to the ability of THz waves to
detect the binding state of DNA and RNA 2.3.9.21.28_(3) Low photon energy allows
imaging, characterizing, or sensing of the sample of interest without causing
damage, unlike the case in X-ray % . This permits the characterized sample to be

used in industry, for instance, to provide quality control of food products, or in



medicine to maintain quality > °

. (4) In contrast to microwaves, the deep
penetration ability due to the long THz waves, which reduces the effect of Mie
scattering, helps in understanding many of the physical and chemical concepts
including lattice vibrations in solids, change in crystal polymorphs, movement of
large portions of molecules as well as transformation in the solid phase of a material
23:9:23.28 11 addition, this feature is used in imaging the inner structure of many
dielectric materials such as wood, paper, and cloth with high resolution due to the
long THz wavelength **°. (5) Chemical and physical systems undergoing change
display spectral signatures in the THz regime; thus, THz waves can quantify, image,
as well as provide information about the type of the materials used in the sample 29

24, In contrast, microwave and X-ray imaging provide only a density image > * %,
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Figure 1.3. The unique fingerprint for many materials from 0.1 to 5 THz as shown in the dark-yellow
region 3.

Development of the coherent terahertz time domain spectroscopy (THz-TDS)
fosters the science of THz 12411, As shown in Figure 3, THz-TDS has been
successfully utilized in sensing, characterizing, and imaging materials in various
fields including explosives, medicines, and bio-molecules, since many of the
rotational and vibrational peaks of molecules are located between 0.3 and 5 THz 1-15.

THz-TDS will be explored in detail in Chapter 2.



Sensing thin film or a little amount of material by electromagnetic wave in
general as well as in the THz regime in the EM spectrum in particular imposes great
difficulties for researchers in this area due to short interaction time, resulting in an
unmeasurable change in the THz spectrum measured through free-sampling THz-
TDS 20-23, However, the current ability of sensing or characterizing such a sample,
which is essential for a large number of applications such as biological, toxic, and
chemical weapons, is still far from being satisfactory owing to limitations of the
technologies 20-23. Providing new and efficient sensing models is the predominant

motivation of this thesis’s work.
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Figure 1.4, A map of applications in THz band 4.

In conclusion, the work of this thesis focuses in sensing and characterizing a
sample with a sub-wavelength thickness by conventional free-sampling THz-TDS for
quality control issues in organic light emitting diodes (OLED) production. We

achieved that by using the extraordinary transmission of THz waves through sub-



wavelength holes in metal resulting in THz-SPPs, which increase the signal-to-noise

ratio 6-19,



CHAPTER 2

TERAHERTZ TIME-DOMAIN SPECTROSCOPY

2.1. Introduction:

We present in this chapter an overview of THz sources and detectors.
Characterization of the thin film PMMA is achieved by conventional free-space
terahertz time-domain spectroscopy (THz-TDS). Therefore, THz-TDS will be

discussed in detail.

2.2. Overview of THz Sources and Detectors:

Early research aimed to find sources and detectors for THz waves and develop the
ability to control and manipulate THz waves 1. 2. Many different THz sources and
detectors have been developed and utilized to obtain coherent and efficient THz
signals % °. In 1989, the dipolar antenna structure in THz-TDS was introduced,
causing a surge of growth in the THz field 1% 20. Many sample applications began
including characterizing material in which the intrinsic complex optical properties
of a sample 19 20 could be measured without carrying out a Kramers-Kronig analysis
32 Numerous sources and receivers generate and detect T-rays, respectively, either
in short-pulse mode (broadband) or continuous wave (CW) mode with output

power ranging from nanowatt to 10 W 425 [see Figures 1 and 2].

2.2.1 Overview of THz Sources:

The development path in THz sources is derived from optical technology, and
electronic technology 53. Optical technology provides THz sources that cover the
entire THz frequencies including DFG, BWO, and QCL, as well as optically induced

sources. Whereas T-rays with low frequency < 1 THz emits from electronic THz



sources °3; to date, a linear accelerator was introduced to generate THz pulses (4-25
THz) with ultra-short pulse in order of 1ps carrying high power >4.

Various techniques have been developed to emit CW-THz radiation including
photomixing, difference frequency generation (DFG), quantum cascade lasers (QCL),
free-electron lasers, far-infrared gas lasers, P-type germanium lasers, frequency
multiplication of microwaves, as well as backward wave oscillators (BWO) 4 5 18,22,
31,39,58 Applications depend on the power of those sources 18 58, For example, BWO
is an electron vacuum tube from which the interaction between electrons and
electromagnetic waves generate CW-THz radiation 4. The highest power CW-THz
radiation in order of mW (with frequencies ranging from 0.03 to 1.45 THz) is
obtained from the BWO spectroscopic, which is used to determine the dielectric
characteristics of materials 20. Despite the high power THz signal provided from the
BWO, the use of BWO spectroscopic is uncommon since it is expensive, operates at
high vacuum, needs a high magnetic field, and has a big size 42231, QCL is based
on introducing inter-subband or inter-miniband transitions in layered
semiconductor heterostructures such as GaAs to generate T-rays 22 33,58, QCL offers

high power CW-THz signal up to 100mW, but still has many limitations % 22.
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Figure 2.1. Nonlinear medium sources (optical rectification, difference frequency generation, and
frequency multiplication of microwaves) generated T-ray 1.

For instance, the long wavelength of the THz-signal implies difficulty in confining
the laser mode in a small volume #. In addition, a low operation temperature of 180K
in vacuum is essential to obtain CW-THz 4. In 2008, Jonathan et al. demonstrated an

increase in output power by coating thin strips of highly doped GaAs along the ridge



waveguide edges; however, this caused a reduction in the operation temperature to
168K 21. Despite the compact high power output, which can be achieved with many
of the CW-THz sources, the generation of CW-THz radiation remains difficult due to

the reasons explained above, as well as other issues 22.
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Figure 2.2. THz radiation emitted from accelerating transient currents in photoconductive
antenna, backward wave oscillator electron accelerator, and free-electron laser 1.

The photomixing technique is widely used to generate CW-THz radiation, since it
is not bulky and does not require the use of an expensive femtosecond laser 18-23.29,
Two laser diodes with close frequencies are used in the photomixing method to
illuminate a photoconductive antenna, which emits CW-THz radiation #22. The use
of large area emitters (LAE) leads to an increase in the illumination area resulting in
THz radiation with mW power while avoiding the thermal-failure limit 22 2425 Use
of the p-i-n photodiode instead of the PC antenna substrate provides carriers with
high mobility as well as outputs with wavelengths of 1.55um in the optical
communication wavelength 24 26, More recently, THz photo-mixers based on double
-graphene structures and the excitation of plasma resonances are predicted to
provide a sharp plasma peak in the THz band with power higher than the output
power, which can be achieved by the p-i-n photodiode due to the superior

characterizations of the graphene 2629,



Broadband THz radiation is a very short THz pulse 22 2430, Techniques utilized to
generate THz pulses include femtosecond lasers with optical pulses to irradiate PC
antennas, semiconductor surfaces, or quantum structures 22 24.30, The average THz
power from optically pumped short-pulse THz sources is very low in order of tens of
nW and tens of pW, compared with the power of radiation from optical sources,
which uses femtosecond lasers to generate radiation 1. The THz emission move this
paragraph to Section 2.2.1 as it is about THz source? mechanism is based on
creating an electrical dipole from electron oscillations in the THz source when
irradiated with femtosecond pulses, thus leading to the emission of THz waves 1.2 4
30, These optically induced sources are the main technique to emit broadband THz
radiation, yet THz sources such as DFG, BWO, and QCL are utilized to provide THz
pulses with high power for some applications, including medical imaging as well as

high-data-rate communications 53.30,

2.2.2. Overview of THz Detectors:

Heat detectors including bolometers, Golay cells, and pyroelectric devices are
used to detect CW-THz radiation # 50, Although thermal receivers are sensitive to a
broad spectral range, they have many disadvantages including ambient effect and
slow response; these disadvantages complicate the detection of THz 4. Due to design,
bolometers provide better performance than Golay cells and pyroelectric devices “.
In addition, CW-THz radiation can be detected by heterodyne receivers . The
detection mechanism is based on a beating signal with the reference signal carrying
a certain frequency in a nonlinear device #. Heterodyne receivers are more favorable
due to their ability to measure the incident radiation with high resolution 4.

Two major mechanisms are used to detect THz pulses: photoconductive detection
and electro-optic sampling % 4. They are both gated, with an optical pulse used to
turn the receiver on or off, and coherent, which means the ability in measuring the
THz amplitude and the phase 0. The photoconductive antenna was the first
detection method, discovered to detect coherent THz radiation 50 55,

In free-space THz-TDS system, photoconduction antenna (PC) and electro-optical

rectification (EOR) are utilized to generate ultra-short THz pulses as well as PC
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antenna and electro-optic sampling to detect those pulses 1+ 31. THz-TDS will be
discussed in detail in this chapter. The measurement on the SPR and Bull’s Eyes

device are conducted by using THz-TDS in the Waterloo lab.

2.3.Terahertz Time-Domain Spectroscopy (THz-TDS):

The concept of time-domain spectroscopy goes back to the solid-state electronics
which is used to determine the properties of a circuit or device 44. THz-TDS is a
spectroscopic technique in which an ultra-short pulse of THz radiation is used to
probe the material under investigation by offering information about the materials’
properties 23436 Although these measurements are made in time-domain, THz-
TDS does not give time-resolved dynamical characterization unless thick samples
are used for the characterization with more than one picosecond 12 61. The
amplitude and phase spectra of THz pulses are measured in time-domain [Figure 5]
2-4_ This contains data about the absorption coefficient and the reflective index of
materials in a broad bandwidth 2 3.36.41 with no need to carry out a Kramers-Kronig
analysis 32. Either the transmitted pulse, such as many solid-state systems, or the
reflected pulse, including probing water or alcohol, can be measured depending on

the use of the sample and its characteristics 3. 38.
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Figure 2.3. Experimental setup for THz-TDS, PC antenna for THz generation and detection 5.

11



Figures 3 and 4 provide an overview of the experimental setup of the
transmission mode of the conventional free-space THz-TDS system 2.3.28.38_ An
ultrafast femtosecond laser system generates a short pulse with frequency in the
infrared regime 1-6.28,38 The ultrashort pulse is split by a beam splitter into two
parts - the probe beam and the pump beam - which arrive at a detector in
synchronism?-6.28.30,38 Most of the pulse intensity goes to the pump beam by
traveling in an optical delay line that makes it possible to record the variation in
time on the shape of the THz pulse 1-6.28,30,38,41 The probe beam illuminates either
a photoconductive antenna forming transient currents or optical rectification, thus
beating two optical frequency (NIR or IR) laser beams, to generate THz pulse [see
Figures 3 and 4] 1-6.28.38,41_ An unbiased photoconductive detector antenna or an
electro-optic sampling regarding the used generation source of the THz pulse
detects the THz pulse in the THz-TDS system 1-6.28.30,38 The parameters of the
output THz radiation are affected by the nonlinear medium, pulse duration and

pulse energy for the pump laser 31.
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Figure 2.4. Experimental setup for THz-TDS, nonlinear medium and electro-optic sampling for THz
generation and detection ©.

The development of coherent THz time-domain spectroscopy fosters the THz
science for a variety of applications, such as security, biology and medicine, medical

imaging, material spectroscopy and sensing, and monitoring and spectroscopy in

12



the pharmaceutical industry 1452, This broad application is due to its outstanding
properties enabling access to the THz region of electromagnetic spectrum between

100 GHz and 10 THz 1.3.4.36,52;

1- THz-TDS has an ultra-wide bandwidth that enables the characterization of
the electronic, vibrational, and compositional properties of solids, liquids,
and gases as well as flames and flows 1.

2- THz-TDS has the ability to provide information about the frequency response
(frequency domain) by applying Fourier transformation 1. 40-44, This ability is
due to the use of a coherent detector I 444, That cannot be achieved in the
optical detectors because of the use of an incoherent detector 4.

3- A high signal-to-noise ratio can be achieved due to the use of the same
materials in THz generator and detector 3°. Such a feature reduces the time
consumption so that time required to obtain measurements is equal to the
number of the measured values multiplied by the time between two
travelling pulses #1. In other words, fast scan for imaging and spectroscopy

applications is obtained by using THz-TDS 3¢.
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Figure 2.5. (Left) THz signal, (Right) the corresponding Fourier-transformation with an 8 order of
magnitude signal-to-noise ratio 5.

The main drawback of THz-TDS is the use of expensive Ti: sapphire femtosecond
lasers, but this issue is not relevant if fiber lasers 8 93146 or diode lasers 23 are used
in THz-TDS. For example, Pacebutas et al. successfully demonstrated that the

Yb:KGW fiber oscillators laser with low-temperature growth GaBio.osAso.92 results in
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THz-TDS system’s characteristics to be comparable with the best large-aperture
GaAs THz emitters excited by Ti:sapphire laser pulses 8.

The signal-to-noise ratio in THz-TDS is poor when sensing samples with very
small volumes ¢1. Other methods using THz-TDS with waveguides including porous
fibers, parallel-plate waveguides, and metal wires are utilized to achieve a high THz
field that increases the signal-to-noise ratio 14161, This along with other techniques
which are based on improving basic signal loss mechanisms such as Fresnel losses,
and water vapor absorption are still not sufficient enough when sensing a sample
with a sub-wavelength thickness ¢1. Chapter 3 presents a literature review on the
limitations imposed through sensing a thin film, and discusses details of how we
successfully improved the signal-to-noise ratio.

Convectional free-space THz-TDS will be explored in detail in this section starting
with generation of the ultra-short NIR pulses from the femtosecond laser;
generation of the THz pulses either by the PC antenna or by the optical rectification;
and detection either by the PC antenna or by the electro-optic sampling techniques

in the THz-TDS.

2.3.1. Femtosecond Laser:
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Figure 2.6. The Kerr lens mode-locking 7.

A femtosecond laser is a laser emitting pulses with a femtosecond duration used
to drive THz emitters carrying a frequency in the optical region 3°. Many types of

femtosecond lasers have been used in the THz-TDS system, including bulk laser,
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fiber laser, dye laser, and free electron laser since femtosecond lasers provide
electromagnetic waves oscillating in a femtosecond range that, in general, is the
essential condition to generate radiation in THz band # 42.

The first work that generated and detected THz radiation took place in 1988 by
using a colliding-pulse passively mode-locked (CPM) ring dye laser emitting a 120fs
optical pulse with PC antenna on RD-SOS ?7. Electrical pulses carrying frequencies
from 100 GHz to 2 THz were demonstrated when illuminating the antenna by the
dye femtosecond laser 27. Following the development of a Ti: sapphire laser, dye
lasers, which had been used in generating the ultrashort pulse due to the small pulse
duration of approximately 10 fs, are not anymore utilized in generating THz
radiation because of the difficulties in handling femtosecond dye lasers 2 4.

Currently, most THz-TDS systems are based on mode-locked Ti: sapphire lasers
emitting at wavelength 800 nm due to their outstanding features including the short
carrier lifetime in order of 3.2 ms, high thermal conductivity allowing high optical
pumping power, as well as the broad gain spectrum ranging from 650 to 1100nm 438
18,41 The titanium-sapphire laser (Ti: sapphire) is a Ti- doped aluminum oxide
pumped by a coherent wave laser (such as a Nd:YAG or Nd:YVO4 laser) with a
wavelength of approximately 520nm resulting in an emission near 800 nm 18,31, 41,
Figure 6 shows the Kerr lens mode-locking to generate ultrashort pulse with a
wavelength of 800nm 456,57, The Kerr lens mode-locking provides THz pulses with
10n] energy, 10 to 100 fs duration, as well as a repetition rate in order of 8- MHz 4.
Using ultrashort amplifiers to produce pulses near the initial pulse’s duration can
increase the intensity of THz peak, which is needed in some applications 18.

Fiber lasers, such as YP-fiber laser and Er-fiber laser, have promising features due
to the high efficiency, low cost, ability to provide a compact and portable THz
system, and power stability 4 °. The main limitation in using fiber lasers to drive the
EOR for THz generation is the poor phase matching due to the use wavelengths of
the fiber lasers 1. Research has been carried out to enhance the phase-match
condition for the use wavelengths 1. Improvement in velocity mismatching was
reported by using a GaP as an EOR source and a Yb-doped fiber laser: the GaP

crystal enhanced the output power of THz signals % 45. More recently, laser YP-fiber
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laser or Yb:KGW laser has been used to activate photoconductive antenna
fabricated from low-temperature-grown GaBiAs epitaxial layers ©°. The GaBiAs PC
antenna generates THz pulses with power as high as the power of current THz

sources without suffering from the TO limitations when using the EOR technique °.

2.3.2. Photoconductive Antenna and THz Generation:
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Figure 2.7.(Left) the side view of the PC antenna THz generator, (Right) the top view of the PC
antenna THz receiver. The top view is shown since in the PC antenna detector the probe pulse and
the THz pulse must be focused in the black spot between two electrodes 8.

The Photoconductive Antenna (PC) is a Hertzain dipole comprised of closely
spaced metallic electrodes, and micron-sized dipoles to generate or detect T-ray
which are deposited on a semiconducting substrate 41957, In general, an electrical
conductivity is observed when the PC antenna is irradiated with EM waves that
carry energy exceeding the band gap of the PC antenna in order to switch the
material from a semiconductor or an insulator material to a conductor material'®.

In the case of THz generation and detection, the switching (also known as Auston
Switch) from insulation to conductivity in the PC antenna has to occur within
subpicosecond 2 427,31, 57 This switching action depends on the ultrashort pulse
duration emitted from the laser 2719, Also, the intrinsic speed of the carriers -
electrons and holes of the PC material - should be very short in the range of
subpicosecond % 27.59, Low-temperature grown gallium arsenide (LT-GaAs),

radiation-damaged silicon-on-sapphire (RD-SOS), chromium-doped gallium
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arsenide (Cr-GaAs), indium phosphide (InP), and amorphous silicon are examples of
the materials used for the semiconductor substrate of the antenna to generate or
detect THz pulse . However, the LT-GaAs and the RD-SOS are currently utilized
since their carriers’ lifetimes are in the range of subpicosecond: 0.2 ps and 0.6 ps
respectively 14 The carriers’ lifetimes in both the RD-SOS and the LT-GaAs can be
optimized by the increase of the ion implantation in the RD-SOS fabrication, in
which increases the O+ defects, and by the increase of the thermal annealing after
the low temperature growth by the molecular beam epitaxial to the GaAs #. These
sources emit THz pulses with a wide bandwidth from 0.1GHz to 4THz and an
average power in order of 10 nW to several microwatt 3. However, high power THz
radiation in order of 100 pW have been reported by using a large aperture PC
antenna 25051,

Figure 7 shows the generating mechanism. Electron-hole pairs generated from
irradiating the PC antenna by the ultrashort pulse move under the influence of the
applied field 2-3.19.50.59 The orientation of this biased electric field is in the opposite
direction of microscopic charges caused from the physical space between the
electron-hole pairs 2. Those accelerated carriers are coupled to the RF antenna,
which is the active transmitter consisting of two small electrodes deposited on the
semiconductor substrate lithographically, through a stripline resulting in the
emission of coherent THz radiation [Figure 7] 27-31.39,59, The coupling of the current
with the RF antenna and the emission of the THz radiation are enhanced by using
substrate lenses - Si lenses - and are described by the Fourier transformation 19 39,

The Hertzain dipole antenna (this phenomenon is analyzed in detail in Refs 4) is
used to describe the PC emitter, since the size of the source (wo ~10pum) is smaller
than the wavelength of the THz field. A THz far-field radiation can be expressed as

follows 4 36:

ing 9 A~ 0lIpc(t)
ETHz(t) = %B_tr [IPC(tr)]H x % (1)

Where E;j, is the THz electric field, r is the distance from the source, and I is the
photocurrent in the PC gap of the antenna, which is time-dependent. The THz

electric field is directly affected by the carrier’s lifetime in the PC gap of the antenna
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4,19,

The transportation of the transient in the PC gap of the antenna can be explained
using the Drude-Lorentz model 4 18. The surface depletion field results in THz
radiation completely polarized by transverse-magnetic (TM) 18. With the presence of
electrons oscillating about their equilibrium positions with very small amplitude,
the dominant charge carriers in the LT-GaAs crystal induces transverse electric (TE)
418 This generates THz pulse with high power due to the high electrons’ mobility #
18, The photocurrent in the PC gap of the antenna is proportional to the electron

mobility and to the DC bias field :

N % t T t 2 t T t
IPC(tr)=THﬂeEDCIopt[eXp(é__)'erfc( 5 ——)—exp( I; ——).erfc ( . __>

Tc 27T, Tc

Where Ejis the DC bias field, I, is the intensity of the optical pulses, is the
electron mobility, 7; is the momentum relaxation time, 7. is the carrier lifetime, and
Tp, is the optical pulse duration *. Therefore, the intensity and the bandwidth of the
output THz radiation depend on the physical parameters of the semiconductor and
the intensity and duration of the laser’s ultrashort pulses 31.

The dipole antenna has various structures including stripline, dipole, bow-tie, and
resonant antenna which affect the amplitude and the phase of THz pulses #7. 48
Bandwidth of the antenna of arbitrary length and recombination time of photo-
carries determine the limit of the output THz pulses 3% 47. The planner antennas are

most favorable in THz regime since it maintains the coherence of THz pulses 48.
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Figure 2.8. The planner antenna °.
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Alarge-aperture antenna and a planner antenna are also utilized in the THz-TDS
system to generate THz radiation with high power 50. The separated area between
the two electrodes in the large-aperture antenna is wide enough to allow non-
focused illumination technique to be used, unlike the traditional PC antenna that
requires focus-excited radiation to reduce the limited potential for the material % 12
50, Figure 8 shows the planar antenna. A MBE p-i-n diode is utilized in THz wireless
communication since the planar antenna is a high power source providing a
significantly wide bandwidth11.12.56, Due to its structure, the planar antenna
tolerates high bias field, providing THz pulses with high power 12-13.16-17 A magnetic
filed with the PC antenna improves the emitted THz power by over an order of

magnitude 12,50, 56,

2.3.3. Photoconductive (PC) Antenna and THz Detection:

An unbiased photoconductive detector antenna is used to detect the broadband
THz radiation 2 3.57, PC antenna is an optical sampling technique 18. Commonly, the
material used for the PC antenna detector is the same material used in the PC
antenna emitter 2 3,36,59,

Figure 7 shows the detection mechanism. The PC detector is first gated in
synchronism with the excitation of the PC THz generator by the femtosecond laser 2
19,28,59 and then the THz pulse generates the electric field by focusing the THz pulse
onto the antenna [see Figure 3 and 7] 18. Therefore, it turns the PC antenna from
insulation to conductivity, unlike the case in the biased PC antenna emitter that
requires external electric field for creating a photoelectric field 2-> 555960, The dc
THz pulse is then displayed on a PC controlled as a synchronized time-delayed pulse
curve 31. By varying the arrival time of the THz pulse with respect to the probe
beam, the amplitude and the phase of the THz pulse can be obtained 4!. The detected
signal is proportional to the THz pulse strength, and the number and the lifetime of
the carriers 24,

The main advantage in using photoconductive antenna detector is the ability to
detect linear or arbitrarily polarized THz pulses with high signal-to-noise ratio, and

without complication 52 60. However, the lifetime of the carriers and the antenna

19



structure may imply some limitations °%.52.60, These have been elucidated by Castro-
Camus et al. by using a Monte Carlo simulation that provided a new perspective
which may optimize the optoelectronic properties of PC antenna 50,52, 60,

In the PC antenna emitters or receivers, substrate lenses, including collimating
and hyper-hemispherical lenses, are used in the back of the PC substrate to collect
and reflect the THz pulse to the air preventing the loss of the THz pulse due to
propagating through the PC substrate 4 0. Currently, the most common materials
used in the substrate lenses of PC antenna generators and detectors are high

resistivity silicon due to its outstanding features in the THz regime *.

2.3.4. Optical Rectification for THz Generation:
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Figure 2.9. Optical rectification 10.

Optical rectification, electron-optical rectification (EOR), or electro- optic (OE) is
a nonlinear optical effect in which a femtosecond laser with optical pulses, carrying
in its spectrum two frequencies, interacts with a nonlinear medium causing a
nonlinear motion to electrons in a crystal, thereby results in a nonlinear mixing of
the components to produce a broadband extending up to THz frequency [see Figure
9] 518,31, 44 The symmetry of the crystal has to be low in order to induce a second-
order nonlinear polarization which causes the nonlinear optical effect 631,44,
Crystals including Zinc telluride (ZnTe), Gallium arsenide (GaAs), Lithium Tantalate

( LiTa03), Gallium phosphide (GaP), Lithium niobate (LiNbO3 ), Indium phosphide
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(InP), and Gallium(II) selenide (GaSe) are used as EO crystal to generate THz
radiation’-#. Also, electro-optic polymers such as DAPC, DAST, and CFAPC are
utilized as THz sources 46 49,56, EO polymers have better phase matching than EO
crystals with high EO coefficients #6. These features may make the use of EO
polymers more favorable than EO crystals providing THz system with high SNR#®.
Ultra-broadband THz from 100 THz to over 200 THz has been generated and
detected using a 5 fs Ti:sapphire and the DAST crystal 4°. Such high bandwidth
frequency is important in telecommunication applications, and may also be used in
THz-TDS for characterizing a variety of materials, since, compared with conditional
EO crystal, the electro-optic coefficient is much higher 18 49, However, due to its
hygroscopic character, it is still difficult to utilize experimentally 18.

The ZnTe crystal is the widely used crystal in the THz-TDS technique 1.4 18, Zn has
lower electrical charge than Te resulting in different charge distributions, which
causes the non-symmetrical structure 7-4. The nonlinear optical process in ZnTe are
formed by the Ti: sapphire laser since the reflective index of the ZnTe near the
wavelength 0.8 um matches the operational wavelength of Ti: sapphire laser,

satisfying the phase-matching condition® 431:
dk
Lo Q=K@ (3)

Where k=w/c is the wave vector, c=n

¢Vqg is the speed of light, n and v, are the group

velocity and refractive index of medium, and (Q is the THz frequencies range 31. The

above equation is valid, if the w(n,)of the pulse equals to the THz wave reflective

index. Thus phase matching is satisfied when the group velocity of the probe laser
pulse equals to the phase velocity of the THz pulse, giving the conversion efficiency
of the system 31,50, 56;

ng=n(Q) (4)
Thus, according to Hertzian dipole model, induces a time-dependent polarization,
which can be measured at two different frequencies, the sum-frequencies w; + ws,
which is the energy conservation, and the difference frequencies w; - w,, which

corresponds to the dc pulse - the THz magnitude 18 31 56;

d2p(t,w) d21(t,w)
Ery(t,w; £w,) a2 x? T (5)
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Where P(t,w) is the induced polarization and the I(t, w) is the intensity of the laser
pulse # 31, This is valid, if the symmetry of the crystal is highly nonlinear, which
determines the magnitude of the induced polarization 4 ¢ 56, Therefore, THz pulse
emits only if the sum of the frequencies and the phase matching condition are
satisfied between the induced THz radiation and the optical radiations 18.

The main limitation in the OR technique is transverse-optical (TO) phonon
resonances *8. TO phonon resonances cause a strong attenuation to THz waves *.
The absorption to THz waves differs regarding to the type of the optical reflection’s

crystal 4.

2.3.5. Electro-Optic Sampling for THz Detecting:

Electro-optic sampling is an optoelectronic technique used to detect the THz
pulses emitted from EOR #5651 A linear electro-optic effect or Pockels effect can be
utilized to elucidate the electro-optic sampling mechanism [see Figure 10] 4 610,56,
In Pockels effect, the electric field of the THz pulse modifies the reflective index of a

material; thereby the crystal becomes birefringent 4 ¢ 10,51, 56,

. 1O
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Figure 2.10. Electro-optic sampling 1.

Often the same crystal used to generate the THz pulse by EOR is utilized in the
detector, with the same thickness 4 6.10.31 Figure 4 and 10 exhibit the experimental

setup.
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After the THz pulse is emitted from the EO crystal, it travels to the EO receiver in
synchronicity with the probe beam in which the birefringence induced by the THz
electric field is modulated by the time-delayed gating pulse °1. In other words, a
variation in the intensity of the electric field of THz pulses occurred 4 3150, Thus,

electric signals are measured as a function of the time-delay between the arrival

time of the THz pulse and the probe-beam by a quarter wave-plate (%), a Wollaston
prism, and two balanced photo-detectors ¢ 31.50,56, Balance photo-detectors measure
the different of frequencies of the THz pulse, which corresponds to the electric field
of the pulse displayed in a PC-controlled as a time-delayed pulse curved ¢ 31. The
bandwidth of the electrical THz pulse is equivalent to the bandwidth in the THz
frequency of the optical pulse emitting from the femtosecond laser 31. The EO
efficiency depends on the duration of the optical pulse and the anti-symmetry of the
medium* 6 31,50,

The main advantage of this technique is the ability to provide a broad bandwidth
in order of 50 THz, due to the short duration of the optical fields, without the use of
antenna or application of an electric field18 31,56, Thus electro-optic detection
method is more favorable than the PC antenna detection technique 31. This method
is used to detect THz pulses emitting from PC antenna source, which reduces the
cost of the system, and gives broadband width 5% 60, However, the low THz

conversion efficiency is a serious drawback of this technique 31.

2.4. Conclusions:

THz-TDS is a powerful spectroscopic tool with great potential in various
applications since it is well developed during the past two decades #1. However, the
sensitivity of imaging or characterizing is still not efficient enough for realistic
applications #4161, Sensitivity refers to the ability to characterize a little amount of
material (a few nanograms or micrograms) or a thin film in order of a few
nanometers, along with the ability to provide images with high intrinsically special

resolution #1.61, Thus the free-space THz-TDS technique, which has been described
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in section 3, does not satisfy the requirements of the potential applications, which
need high sensitivity 41.

However, in this thesis we will describe a new approach that allows
characterization of a sample with a sub-wavelength thickness for quality control
issues in organic light emitting diodes (OLED) production using the conventional

free-space THz-TDS.
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CHAPTER 3

TERAHERTZ CHARECTRIZATION AND
THE LIMITATION IN TERAHERTZ
SPECTROSCOPY

3.1. Introduction:

Dynamic responses of materials to THz radiation have been explored with the
aims of understanding how THz natural’s interactions with various materials as well
as assisting the development of technologies using THz radiations 1882, Terahertz
radiation has the ability to interact with a wide range of materials, such as plastic
and paper, and to provide low-energy probing of the system's electronic nature,
including inter/intra-molecular motions and Debye relaxation - these are not
accessible by other wavelengths 1.7.20.27.47.82 [n addition, the non-ionizing nature
and the distinctive optical response of a wide range of materials are important for
analyzing various applications such as material quality control, pharmaceutical,
industrial production lines, and biological 3% 49. Terahertz waves have been utilized
for imaging and spectroscopy, especially Terahertz Time-Domain Spectroscopy

(THz-TDS) 4.

Technique Strengths Weaknesses
@ Cannot interrogate targets under
¥ High frequency resolution cover
ETIR (~1cm ) @ No coherent detection
¥ High sensitivity @ Need cryogenic conditions for high
¥ Broadband (up to 100 THz) sensitivity

= No real-time data rate

v High frequency resolution
(~1em™) Cannot interrogate targets under
Raman ¥ Room temperature operation cover
¥ High sensitivity No coherent detection
¥ High selectivity

v Can interrogate targets under

cover Lower frequency resolution than

¥ Room temperature operation FTIR (~10cm™)
TDS ¢ Coherent detection (amplitude = Narrower bandwidth than FTIR (up to
and phase data) 5 THz with standard TDS; up to 20
¥ High selectivity THz with TDS ABCD system)

v Real-time data rate

Table 3.1. Advantages and disadvantages of Raman spectroscopy, FTIR, and THz-TDS 2.

THz-TDS technique has superior features over other organic spectroscopies or

25



far-infrared spectroscopies including the very wide bandwidth or high resolution
resulting from the ultrashort duration of the THz pulse, and the rapidity of
measurements obtained from the high sensitivity of the coherent detection 17-42. 68,
In comparison to the organic or far-infrared spectroscopies of Raman spectroscopy
and Fourier-Transform Infrared Spectroscopy (FTIR), which suffer from
experimental difficulties and complexity of theoretical models, THz-TDS is an easy

technique to use due to the simplicity in interpreting the THz spectra [see Table 1]

34,43,44,82

Additionally, THz-TDS provides highly specific signatures of versatile materials
which allow for the identifying of or distinguishing between chemical structures
such as polymorphism; furthermore, morphology and conformation of the target are
obtainable through free-space THz-TDS 26.40.42,44_Since THz-TDS is both a non-
contact and a non-destructive technique, it can even be applied directly in the
production site for in-line monitoring 4% 42.48, However, with terahertz wavelengths
ranging from 100 to 1000 pm, the diffraction limit for this long wavelength light

means that it is difficult to measure small volume samples or subwavelength film 3°

53,

Broad bandwidth and time-resolved (more than 1 ps dynamics) features of THz-
TDS have been attracting development in thin film sensing, such as for material
quality control issues in OLED production 1. Moreover, the well-established optical
techniques including variable angle spectroscopic ellipsometry and phase-contrast
microscopy do not have the ability to detect spectroscopic opaque films, due to their

invisibility in the visible and near-infrared regions of the spectrum >6.

The importance in sensing sub-wavelength sample thicknesses is amplified for a
wide range of cases - in particular, the availability of a small amount of samples such
as DNA, explosive, and chemical weapons; or the aim of studying thin sub-
wavelength sample properties such as grain size, purity, and strain of material
applied in OLED - yet terahertz sensing or characterizing of thin film are still not

satisfactory owing to practical and fundamental challenges 1.30.43,
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The chapter is structured as follows. First, a very brief review is given of the
natural interaction between THz radiation with material in which the Drule
model has been described. Next, the mechanisms of extracting information
from THz spectral including the transmission and the refraction mode have
been described for optically thick and thin films. Finally, the efforts which

have been made in THz spectroscopy for thin film are summarized.

3.2. THz Interaction with Material:

In general, the electromagnetic wave interacts with the electric charge of the
material by various mechanisms including transmission, reflection, refraction,
scattering, and diffraction & °. The type of interaction is determined by the
electromagnetic wave properties such as length and strength as well as by the
material properties 8 °. For example, materials with large unit crystals leave a
distinct signature on the THz-ray owing to the long wavelength of the THz wave 8 °.
These various interactions between the electromagnetic field and the material have
been described through different functions including the complex refractive index
or the dielectric function 27.

THz wave is comprised of electromagnetic waves carrying frequencies from 0.1 to
30 THz; therefore, THz wave usually interacts with materials as tantamount as the
rest of the regions in the electromagnetic spectrum with its discrete signature due
to the unique properties of THz radiation & 20. The materials' properties as well as
the sample preparation direct the natural interactions of THz ray 8 19 20.58 For
example, interactions with THz wave are controlled by the density of free-carriers in
conductors and semiconductors or by intermolecular vibrations corresponding to
motions associated with coherent, delocalized movements of large numbers of

atoms and molecules known as the phonon lattice modes in crystalline materials &

19, 44, 54, 82, 83

Permittivity or dielectric function € = €; (w) + i€, (w) exemplifies the
propagation mechanisms of THz signal into the target or the resistance of the

material 2. In advanced definition, this function endows the ability to describe all of
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the relevant characteristics of the interacting materials and THz wave 8 19. The
refractive and absorption characteristics of THz waves in the material have been

described by the real and imaginary parts from the above equation 27,58,

For solid-sate electrodynamics, extracting the refractive index of a material,
describing the refraction phenomena, and determining the target’s permittivity and

permeability are achieved by using the following equation & 19 27:

R

Il
™

(1)
When u =1

il = Vé (2)
Where u is permeability of the material describing the target’s magnetic response 1%
27, The permeability of nonmagnetic materials is equal to one 1°. Consideration of
nonmagnetic materials over ferromagnetic materials is grounded on THz features
that direct the physical interaction with targets 8 20.58, Interaction of THz waves with
the magnetic field is weak due to its wavelength, yet THz ray can interact with the
magnetic field in metamaterials due to the spatial design 8 11.

Given THz field traveling through materials, reduction of amplitude and delay of
phase have been observed and described as 1°:
E; = E,einklg=xKlL (3)
Where | and k are the traveling distance in the material and the extinction

coefficient, respectively, and K=2/12 8,19 Two general cases of THz wave suffer by
0

propagating into such materials 1°. First, the oscillation period of THz waves is very
small compared to the average collision time of carriers resulting in low attenuation
of the transmitted THz waves, and consequently real refractive index 1 8. Second,
most of the propagating THz waves exhibit absorption due to the short collision
time of the high carrying density 1°.

The interaction between THz radiation with conductors and semiconductors has
been determined by investigating the dielectric function 2158, Wave free-carriers on
the surface of such materials influence the interaction with THz-waves by causing

attenuation to the electric wave 192147, Drude model has been utilized to link the
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frequency-dependent dielectric response to the material free-carrier wave due to its
simplicity in describing the frequency-dependent conductivity of materials 19 21,27,
47 This model is based in solving the equation of free-carrier motions caused by

electromagnetic field as follows 1°:

— —qE = (4)
Where m" and 7 are the effective mass of the carriers and the average collision time
19, The complex permittivity has been derived by Cheng et al. through calculating the

plasma oscillation frequency (POF) of the material wy, and the angular frequency w

to obtain the following formula 19 21:

eooa)z
e(w) = €, — riﬁy (5)
e2N
wp = (6)
a 7]

-10

A ittt it e D 10
107 10* 10" 0™ N* W
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’

Figure 3.1. THz waves interaction with silicon carrying various doping concentrations, real
permittivity &; (solid curve), imaginary permittivity &, (dashed curve) 1.

Where y=1/ 7 is a coherent decay factor of the electrons in the material 1°.
Therefore, materials with high free-carriers density N in order of 10 28 m3, such as
metal, have high plasma oscillation frequency in the UV region of the
electromagnetic spectrum resulting in a very high resistance on the surface of the
metal which prevents THz waves from propagating through the metal 1° 21, This

explains the reason for avoiding the use of a perfect metal such as gold with e = — o
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and with no skin depth for surface plasmon polarization applications in THz region
for long periods of time 21.

Free-carriers density in semiconductors varies based on numerous conditions
including the setup of the deposition process and the doping concentration 1519 21,
Intrinsic silicon with free-carriers density of 101 cm-3 is a robust demonstration of a
high permittivity material to THz waves; it is a transparent material owing to the
low frequencies of POF laying in the IR and THz band 19 21. Figure 1 shows THz

waves interaction with silicon carrying various doping concentrations 1°.

The interaction of liquid with THz radiation has been explored by studying the
dielectric response of the liquid through applying the Debye relaxation model 32.
Studying the interaction and relaxation of dipoles (which are permanent in polar
liquids or induced in non-polar liquids) with THz radiation provides information

about the biological function or the type of chemical reaction 32.

Malerial Excilaion

Semiconductor Fre caer, phonon, plasmon, LO phonon-plasmon coupled mode, cyclotron resonance, magnetoplasma
Ferrolectics Soft mode

Stperconductor Enersy gap, quasi-paticl excitation, Josephson plasma, 20 plasmon polarion

Photonic crystal Photonic bend gap

Ligud Relaxation mode

(Gas Rotational leve

Polymer Exciton, polaron, bipolaron hoping

Biomolecules Collective excitaion, biologial fnction

Table 3.2. THz waves react with various materials 3.

Many materials have been investigated in the literature using THz-TDS for
various purpose including metamaterials, birefringent materials, and polymers 26 11.
32,83 Different elements in versatile materials respond to THz waves in various
ways, as explained by using several different models which will not be elucidated in
this work. Table 2 outlines some of these reactions related to specific materials

investigated by THz ray.
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In THz-TDS technique, Fresnel’s laws have been utilized to extract the complex
refractive index and the complex reflection coefficient from the transmission or the
reflected THz spectra in order to identify or detect the investigated material 8. The
intrinsic complex optical properties are obtainable through the free-space THz-TDS
if the volume or the thickness of the sample is sufficient enough to be sensed; hence,

the modulation can be performed easily 1.

3.3. Characterization in THz-TDS:

Waveform (Electric field versus time) Spectrum

T T T T T ey T T T

| - I Iy J

l]”

. h J~\h . Tﬁ "'i ﬂ’ mwﬁi‘m,wh"

Time (ps) Frequency (THz)

THz ampitude (a.u.)
THz power (dB)

Figure 3.2. THz waveform (on the right), THz waveform after computing the Fourier transforms 12.

Extracting information about materials in THz-TDS from the THz spectrums is
known as the inverse electromagnetic problem since no direct investigation of
material properties is conducted; instead, the impact of these parameters on the
electric field of T-ray is studied 2 1488, The recorded spectrum of THz electric field
signals is time-dependent 28 26,88, The amount of information relies on the
bandwidth of the THz waveform that often varies from 0.1 THz to 100 THz
depending on the type of THz generator 2. Furthermore, in THz-TDS technique,
experimental set-up of the system is crucial since it determines the system's
sensitivity and dynamic range 7. Versatile methods are used to extract materials'
properties from the electric signals in THz-TDS, such as preliminary scanning for a
reference signal followed by taking the ratio between the electric signal of the

sample and reference, or by investigating material features upon a signal spectrum 7

10,32,52,
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Amplitude and phase of the THz pulse after interacting with the sample are
obtainable for extracting materials' properties by comparing the time-resolved
electric field of terahertz pulses before and after propagating through the sample
with different temporal delays [see Figure 2] 3144469 Alternatively, a technique of
dual thickness is used for recording THz spectrums for the sample of interest that
has been prepared with two different thicknesses: one as a reference and the other
as a target 12,50, Optical properties of the target are then obtained by comparing the
two THz waveforms, yet the Fresnel loss from the surface of the sample is not
considered in the calculation of the reflective index if the same sample with various

thicknesses is used 12.
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Figure 3.3. The first peak (ordinary signal) at 73 psec refers to the recorded THz pulse when the
C-axis of the crystal perpendicular to the polarization, the second small peak (the extraordinary
signal) at 85 psec corresponds to the reflected when the E is parallel to the C axis 13.

The above characterization method is based on recording the THz spectrum from
a series of THz pulses and probe pulses with various time delays for both the sample
and the reference 12 65 66,69,88 Apnother similar sampling technique is performed
where instead of implanting a series of THz pulses, a single laser pulse is used to
characterize the target 12. Although this technique allows THz-TDS to be used in
detecting the moving or stationary sample with a short scanning time, strong THz

signals are required to implement the single laser pulse detection technique 2.

Spectroscopy through terahertz TDS can be performed in two modes,
transmission and refraction mode, based on the nature of the material. However, the
transmission mode is the prevailing structure in the literature because of the

obtaining of reliable and quantitative terahertz spectra 4+ 68. The refraction
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configuration requires considerable calibration; thus, it is primarily utilized for
detecting opaque samples. However, few works have used the reflection mode in

characterizing 44.

3.3.1. Transmission Mode:

Transmission mode has been implanted in studying the surface properties of the
sample such as excitation, bulk or superstrate layer of a sample’s properties, as well
as characterization and detection of a variety of materials including explosive,
pharamatcular, protein, and polymer if the thickness of the sample is optically
detectable through THz-TDS 3.13.54.75,82_ Analyzing those properties is based on
deduction of the signal-to-noise ratio (SNR) and of the frequency-dependent
dynamic range (DR) that must be high since the change in the transmitted waveform
shaped from the material’s characteristic frequency response is an explicit reference

for the kind of material 475 78,

Arguably the sensitivity of this system can be described by its ability to detect
slight changes with a high signal compared to the background noise, which is
determined by multiple factors including the experimental set up or the type and

the thickness of the sample 14366,

Generally, THz-TDS has a high sensitivity with a high SNR owing to the utilization
of the time-gating detection, which offers an internal resolution for the THz pulse in
ps as well as avoids the Johnson noise 3 23.30,50,66_ A]so, the polarization sensitivity
of THz-TDS has been determined to be high since 1966 by the characterization of y-
cut sapphire sample with its C axis parallel to the surface 28 43. This sapphire has a
number of active lattice modes in the THz band 13 28, Finding the ratio between the
ordinary signal, as reflected when the electric field is perpendicular to the C axis, to
the extraordinary signal, as reflected when the E is parallel to the C axis [see Figure
3], has been calculated to be approximately 25:1 13.28.70_ This gives the ordinary
index of refraction n, = 3.07, which shows an increase in the absorption coefficient

for thick target with weak higher frequencies stemming from limiting the range of
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the reliable data to 2 THz from the wide bandwidth 79. However, Jeoen et al. have

investigated how to resolve this by determining the DR for the operating system *.

The thickness and the type of the sample are of capital importance in the
characterization process through THz-TDS because of yielding the lowest
measurement uncertainty in the optical constants 1. 3.14.62,64,66,67,78 THz signal
suffers from a strong attenuation with optically dense samples, such as high doping
semiconductors with large thickness causing obscuring of the THz signal into the
background noise, or multiple reflections in the sample resulting in overlapping of

the THz signals; thus, the transmission mode cannot be applied 14 78.

Optically thick material in the range of hundred of microns, or optically thin
material with high conductively or high hydrogen level thickness in the range of
nanometers have been measured through the transmission mode of THz-TDS with
high SNR 1.18,36,61,78 Further cases are manifested in many optically thin materials
such as polymer, in which the highest sensitivity of conventional THz-TDS with 107
SNR ration is considered low for sensing because of the difficulty in detecting phase
shifts that are less than the coherence length of the THz radiation (~ 150 um) 5064
73, Several approaches aimed to increase the sensitivity of the THz-TDS system for

sensing such films are described later 1.50.67.73,

Extracting dielectric and optical properties of a target through THz-TDS
transmission mode will be interpreted for two sample configurations: optically thick

sample and optically thin sample.

Before embarking on a detailed discussion of extracting information related to
materials' properties through the transmission mode, the noise sources and the
relation between the SNR and DR need to be addressed. Because analyzing

materials' properties is based on deduction of the SNR and DR #1215,

3.3.2. Signal-to-Noise Ratio and Dynamic Range:

Noise sources in THz-TDS system are manifested into two categories, random
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noise sources and systematic noise sources 65 667578 The random noise sources
could occur from jitter in the delay stage, sample relocation, laser intensity
fluctuation, and optical and electronic white noise in the detection system # 12.17,66,
The sources of systematic noise are exemplified in recording errors, mechanical
drift, etc 678, Noises in the usual case of spectroscopy by THz-TDS, regardless of
what the noise stems from, are controllable through computational treatment such
as Central Limit Theorem, due to the high SNR obtained from a target with a
thickness comparable to or larger than the THz wavelength (1 THz = 300 um) 6675
78, However, if the film thickness is thinner than THz wavelength, then the effect of
the noise sources have to be considered to avoid misinterpretation of the dielectric

properties of the target 4 12,17, 66,

Various methods have appeared to alleviate these fundamental and mechanical
noises. The simplest method utilized to obtain a high-resolution characterization by
avoiding the multiple THz reflection while propagating in the sample sweeps over a

long delay range from 7.5 GHz or less to higher frequencies in order of 4 THz 2°.

Lock-in amplifier technique has been used in THz-TDS system with the aim of
obtaining characterization of THz spectrum with high SNR through reducing the
noise from the laser fluctuation 12.52.78, This approach is based on monitoring the
output signal from the detector by enabling THz pulse with certain frequency and
phase amplified and detected for THz measurements 1252, The efficiency of this
technique in diminishing the noise level in THz signal is poor due to the impact of
the mechanical drift 2. Only approximately 10-¢ noise reduction from the original
noise has been reported since the lock-in technique works only on the probe laser
beam noise and not on the THz pulse noise because the noise carried in THz pulse
has the same frequencies and phase 12. However, a mechanical chopper modulating
the pump beam at a certain frequency has been used to increase the SNR >2. For
example, investigating polymer targets including PP, PET, and PMMA through THz-
TDS exhibits changes in the refractive index of less than 6%, from 1.4 to 1.8 with

discrete behaviours for the absorption coefficient of each polymer due to its
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frequency-dependency >2. In this case the mechanical chopper is adjusted to
modulate the pump beam at 2 kHz 52. Anther approach is based on using two-
dimensional contour plots of the root mean-square (rms) error usually applied
between conceptual and experiment data to minimize the uncertainty
measurements as well as to illustrate the important parameters in a model 27.

The uncertainty in THz measurements raised from the lack of delimiting the
target's thickness has been resolved by using the optimum thickness model 78. This
model is encompassed by two choices: performing the spectroscopic either on a
wide bandwidth or at a certain frequency regarding the required precision in the
measurements; of these, the latter spectroscopic technique is more accurate 78.
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Figure 3.4. (a) and (b) the dashed curve refer to the DR of the experimental measurement,
determining the reliable measured for both samples 14

Dynamic range has been explained as the strength of the reference signal, or the
maximum signal generated by the emitter, compared to the associated noise floor of
the system, which is the minimum signal detectable 26 43. THz-TDS has a wider
dynamic range compared with other infrared conventional spectroscopies since it
calculates the electric field of the THz wave rather than its intensity 23.75. In many
instances, high sensitivity THz-TDS has potential in characterizing a target which
has as a low transmission coefficient, for example, in order of 10-8, with high SNR 23.

Figure 4 exemplifies the frequency-dependence of DR and the importance of
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determining the DR for quantitative analysis by indicating the validity of the THz

measurements 4.

3.3.3. Optically Thick Sample:

Extracting information about materials' properties through the transmission

mode encompasses the following steps 12-15,40, 63;

1- Recording THz signals twice - reference signal and sample signal;

2- Calculating the complex transmission coefficient from the ratio of Fourier
transformation of the reference and the sample signals; and

3- Extracting materials' properties through calculating the complex refraction
index from the transmission coefficient, which is usually implemented to

solve the inverse problem.

3.3.3.a. Recording THz Signals:
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Figure 3.5. Absorption spectrum of water vapor within bandwidth from 2 to 10 THz 11.

Two THz signals in time-domain are measured after traveling through the
transmission set up without sample: reference signal and with sample, as described
in Chapter 2 2.513,26,84 The reference signal has been recorded first to establish the
reliable scanning range frequency, which is affected by the THz pulse duration and
the time resolution of the receiver. Thus, the scanning range frequency increases as
long as the pulse duration and/or the time resolution of the detector go down 13.27.
Recording of reference signal is commonly performed in nitrogen-purged

atmosphere to diminish THz absorption induced by ambient humidity 15 42 54,
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Utilizing THz air-breakdown-coherent -detection (ABCD) with FTIR approaches on
characterizing the interaction between THz frequencies from 2 to 10 THz and the
water vividly show the effect of the strong absorption of the reflective vibration and

rotation transitions of water molecules [see Figure 5] 1°.
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Figure 3.6. Dashed curve and solid curve show the measured THz pulse for the reference and the
sample respectively, p-type doped Si with 225 um thick .

Recording the target signal is performed by placing the sample into THz
propagating path between the THz generator and detector. This leads to change in
the THz phase due to time delay, and reduces the magnitude of the THz signal owing
to traveling through the target thickness [see Figure 6] 27.5% 60,61, Deconvolving the
sample pulse with a reference pulse has been utilized to extract the optical
properties of the target 12.26. 33,50, The time-dependency of the THs pulse has been

measured by scanning the time delay between the excitation pulse and the probe

pulse 27, 66,75,84,86,

3.3.3.b. Calculating the Complex Transmission Coefficient:
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Figure 3.7. The THz pulse path between the source and the detector; upper part and lower part
indicated recorded THz pulse for the reference and the sample respectively. In the lower part
medium 2 present the sample with thickness L, only the transmitted THz pulse through the sample is
considered by using time-window technique 15.

Versatile techniques have been used to obtain the complex refractive index of
many materials 141569, One characterization technique, which is described here, is
based on comparing THz signals from two samples with the same materials but
different thicknesses 1415, For a well-known thickness, the optical properties can be
extracted experimentally by using equation (7) 7. To avoid an overestimation of the
calculated complex refractive index raised from beam defocusing, a collimated beam
or long-focal length beam has been utilized with such samples 78. However, in the
case of an arbitrary thickness, the complex refractive index has been calculated
numerically and then compared with the experimental data; alternatively,
extracting the optical properties from different echoes will give the actual value of

the sample thickness 1469,

Fast Fourier Transform (FFT) has been applied on recorded signals by traveling
the three-medium (air-dielectric-air, Fabry-perot resonator) to calculate the
frequency-dependent complex permittivity of the target [see Figure 7] 14-16,23,55,75,
Since the THz signal is a measurement of the electric field of the THz wave, the
absorption coefficient refers to the attenuation in electric field, which is half of the
absorption coefficient calculated for the field intensity 43. This allows the THz
transmission spectrums to encompass the magnitude and the phase of the signals

which can be given by 15 26,27, 29;
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Es (0)/Br (0) = t (p, ©) = "™ = 7)) rPP?PH (0, d) . exp [] 22| Fray (@) (7)
pr‘”)ref [4
Where t (p, w) is the complex transmission coefficient defined as the ratio of the

electric field between the sample Es and the reference Er 1*15. T (p, ) sqmpie and
T(p, )y are the complex transmission spectrums 5. r(w), P(w,d), and 7(w) are the

reflection, propagation coefficient, and transmission respectively 15. The thickness of

the sample and the radial frequency are d and w 15. Fy: refers to a Fabry-Perot

—Zn(ac’)wd)]i due to Fresnel losses, and i is the

defined as F.q,(w) = Y, [r2exp (i
number of internal refraction 27. The symbol p refers to the temporal echoes

observed in the transmission spectrums resulting from the etalon effect [see Figure

8] 15.43,69,

Main peak Echo
Short window ;
P

/. *<":,‘.11'11.‘.',

Y
v

No etalon Etalon

Figure 3.8. Fourier transform when applying the time gating (short window) approach for echo

number 0 (the main peak), and the opposite case illustrated in the measurement with long window
12

Considering the temporal echoes makes this technique stand out among other
methods due to the accuracy and efficacy obtained through evaluating the
confidence interval in a measurement 15 64 69, Extracting the material properties is
achieved only on the directly transmitted pulse corresponding to echo zero (p=0),
which does not suffer from internal reflection inside the sample 17-69. The time
window approach has been carried out to explore the directly transmitted THz
pulse, while other echoes appearing from the reflection of the THz pulse at the
interfaces of optical elements such as beam splitters and lenses are isolated from

the measurements of extracting the optical properties of the target 17.43.55_ If the
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waveform scan-length is long enough, then these echoes show up as smaller replicas
of the main pulse with arrival times following the main pulse 17-43. These echoes
have been utilized to explore random errors in the THz-TDS system 17. THz
waveform is considered to be suffering from etalon effect, if these echoes are
included in the Fourier Transform [see Figure 8] 43. In addition, some works in the
literature do not consider the Fabry-Perot (FP) effect in the measurements of
optically thick sample, assuming that Fresnel losses from the recorded THz spectra

are already removed from applying the temporal window of the signal 68 77.

The absorption coefficient a(w) and the refractive index n (w) are obtained from
the two spectra of pulses after finding the amplitude A (w) and phase @ (w) of the
electric field 4 812,13, 15;

2 [n(w)+1]2P*

2
(2p+1)d In {A(p’ W) 4n(n-1)2p } (8)

alw) = —

nWw) = 2. (1=, (9
Calculating the absorption coefficient in the transmission mode is frequency-
dependent based on a number of constraints including the sample thickness and the
range of the DR 4. Usually the frequency range extends from 0.1 GHz to 5 THz in
conventional PC THz-TDS 4 13.26,34 Recently, air/plasma polymer emitter in THz-
TDS provides a broad bandwidth from 0.1 to 10 THz, bringing the THz technology
close to broadband imaging, standoff detection, materials identification, and

quantification 3¢. Figure 9 shows the broad bandwidth characterization 3¢.

In conventional THz-TDS, at low frequencies the absorption coefficient of the
sample under investigation can be easily calculated from the above equation (8) % 26
55, Owing to the use of high-brightness and short-pulse source, THz-TDS has the

potential to characterize targets with relatively high absorption coefficient 3.

However, at high frequencies, extracting the absorption coefficient from the
THz spectrum is limited to the dynamic range of the experiment, which can be

integrated by applying a roll-off approach 4. The roll-off technique has been
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explored by Kojima et al. to study properties of the PMMA at high frequencies using
a THz-TDS to extract the complex refractive index of the PMMA as well as in an
attempt to understand the origin of Boson Peak (BP) >°. In the roll-off method, first a
noise floor (electronic noise) of the system spectrum accounted by blocking the THz
beam path is determined %43 59, Frequency-dependent dynamic range (DR) of the
experiment is obtained by normalizing the THz reference pulse and the sample
pulse spectrums from the noise floor spectrum [see Figure 4] %26, The absorption

coefficient at high frequencies can be calculated from the following equation #:

4in

Upayd = 210 {DR 10
max { (Tl+1)2} ( )
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Figure 3.9. The refractive index and the absorption coefficient for different polymers recorded in
wide bandwidth from 0.1 to 10 THz in THz-TDS system 16.

As long as the absorption coefficient value is below or equal to the maximum
absorption coefficient with a specific DR, then the absorption coefficient for the
sample is reliable #17.26. Moreover, in order to consider the measurement of the
absorption coefficient as a sample property, the value of the absorption coefficient
has to be within the DR. This highlights the advantage of determining the DR, which
helps to avoid the misinterpretation of the value of the absorption coefficient of the
sample and determine the cut-off frequency * 12.

Cut-off frequency differs regarding the material and the thickness of the samples
and the DR of the system #. For example, material with high reflective index such as

amorphous glucose with a thickness of 0.25 mm allows reliable measurements of
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the absorption coefficient within frequencies ranging from 0.1 to 5 THz [see Figure
4] 4.

The reflective index in the transition mode is given by equation (9) #. This index
is frequency independent, so there is no effect of the DR on the extracting value of
the reflective index of the sample 4.

The absorption spectrum for THz radiation has been used to identify and

characterize the target. Databases including Terahertz Database (http://thzdb.org)

consist of the absorption range in THz range for a large number of materials 32.

For optically thin material with high conductivity, modification of the
equations (7) has been performed to calculate the dielectric properties of the thin
film with slightly different techniques in recording the THz signals 1. 18 15,26,62, 68,
Recording THz signals in sensing thin film differs in that besides recording THz
signals with and without the sample, the substrate of the sample is scanned and the
THz scanning is performed on the film on the substrate to avoid the effect of the
substrate on the film in calculating the film’s features 62 68, For conductive thin film,
negligible optical thickness [nwd/c << 1, and kwd/c <<1] assumption has been
considered 27.63.68_Also, the frequency-dependent conductivity is calculated to find
the complex refractive index 18 23, This presumption leads to the application of
changes in the Fabry-Perot part in equation (7) by considering the assumption limit
of Fabry-Perot (i=infinity “the number of internal refraction”) and inserting this in

the transmission coefficient formula to obtain the following 27.63:

2

t(W) = 2+iO'dZO

(11)

Where Zo is the impedance of free space, and ¢ is the conductivity of the film 27. Film
with a few nanometers of thicknesses can be measured in the conventional
transmission mode of THz-TDS 1. 18,27,62,63,68,

Optically thin film with a high hydrogen level has been detected either by
taking the measurements many times (such as 20 times) on the sample, or by using
metallic mesh-based biosensor, waveguides, or filters along with implanting

different calculation techniques 60 61,66,
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3.3.4. Optically Thin Sample:
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Figure 3.10. reduce measurements uncertainty by constraining all of the noise sources into the
confidence intervals (case 3) 17.

Sub-wavelength film, small amount of samples, or thin film are descriptions
employed to refer to a target with a film thickness much less than a wavelength
which cannot be detected by THz-TDS due to its small complex refractive index, thus
no THz phase changes have been observed 1.18 36,6466, Many factors contributing to
such limitation of sensing have been observed in THz thin film sensing including
Fabry-Perot effect (etalon effect) in which the main transmitted pulse and the
partial internal reflection are overlapped, as well as short interaction time between
the material and THz wave in which no changes are observed in the THz signals
between the reference and the target 1.4 18,50, Further elements are demonstrated
4,18,50,64,66,77: 1- ]ow SNR due to low system sensitivity for sensing small changes in
the THz signal; 2- the femtosecond laser system influencing the THz generation is
not stable, resulting in fluctuation in the generated and detected T-ray; 3- the
chance of determining the real thickness of the sample owing to its properties; 4-

long wavelength of the THz wave resulting in reduction in the sensitivity of the
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system; and 5- basic signal loss for T-ray such as water absorption.

Two conditions have been established by Withawat®4 to describe the properties
of the minimum thickness of freestanding film under free-space THz-TDS
measurement 1.4 18 64 However, these cases are limited to freestanding film 1. .
Recently, Withawat et al. have successfully detected a round 2 pum film with a level
of confidence of 68% through conventional THz-TDS ¢¢. This technique has the
ability to sense common thin-film configurations through performing alternative
scans on the sample and the reference and then taking the scans average for the
sample and the reference separately ¢°. By this method, the uncertainty in
measurements is reduced by constraining all of the noise sources into the
confidence intervals [see Figure 10] 6. Two equations have been established to

describe the minimum detectable thickness by conventional THz-TDS as follows ©¢:

kp Cc 2
lem > 3w /N—r S, (12)

k C 2
.. > P = |[=s 13
P 7 |An-2nR(prota)/[R(Protal)| ® \/Nr arg &) (13)

Where I, and 1. , are the amplitude-based critical thickness and the phase-based

critical thickness utilized to detect and characterize the target respectively 6. k; is a
coverage factor which can be 1, 2, and 3 defined confidence intervals with a level of
confidence of 68, 95, and 99.7%, consecutively ¢°. Standard deviation Sarg(Er)
obtained from a set of repeated reference measurements using the Monte Carlo
method after the phase of each measurement is properly unwrapped and
extrapolated ¢. The following equations have been used to calculate the optical

constants An(w) and Ak(w) (the amplitude counterpart) and the phase component

arg(H(oo)) of thin film o6:
K
An(w) > \/—%Sn(w) (14)

Bk(w) > 2 S (w)  (15)
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arg(H(w)) = arg(Es) — arg(E;) = arg (Teoral) — An %1 + arg(FPy) (16)
Where An(w) and Ak(w) are the difference in the real refractive index and extinction
coefficients of the sample and reference materials, Sn(w) and Sk(w) are the empirical
standard deviations of the sample refractive index and extinction coefficient

. TafT
respectively, N denotes the number of sample measurements, and Ty = =

as

describes the total of the complex Fresnel coefficients 1. 418 64,66 _Utilizing the phase
component to extract the sample properties for the detection purpose is more
reliable than the amplitude counterpart ¢°.

As feature sizes move toward 100 nm; chip frequencies are scaled up to the upper
gigahertz range; the need increases for a THz frequency, non-contact, room
temperature scanning system; then the importance of thin film characterization and
detection thrusts the development towards present or new technologies, which are
presented in Table 3 150, These approaches aim to increase the sensitivity of the
THz-TDS system 0. Table 3 summarizes the differences between various
approaches used to sense thin film 1. Establishing a stringent comparison between
these approaches for the purpose of determining which one is the best in sensing
thin film is subjective because each approach utilizes different measurements, has
various requirements in the configuration of the sample, and may or may not be
designed for characterization or detection 1. However, links between the techniques

are elucidated to provide an overview before embarking into details.

Approach Scheme  Complexity ~ Contact  Thickness Material
n- jk
Mod. trans. C High N 300 nm [43] Parylene-n
1.62
Mod. reflect.  C High N 3.3 um [52] Polyarylether
1.67
Waveguide C Moderate Y 20 nm® [68] Water
2- 05
Filter D Moderate Y 40-80nm [88] DNA
1.05 - j0.07
Metamaterial D Low Y 50 nm [103] Silicon-nanospheres
342
Plasmonics D Moderate Y 50nm®[148]  “Absorbing analyte”
208 - j12

Table 3.3. This table is adopted from reference 1, highlighting the differences between the
approached used in developing the THz thin film spectroscopy *
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Modulations in the transmission mode and the refraction mode and use of THz
waveguides have been utilized in thin film characterization due to their wide
broadband 1. Despite the complexity in modulating the transmission and refraction
modes of THz-TDS system compared to applying the THz waveguides method, they
offer non-contact free-space measurements 176, Giving non-contact measurements
endows a variety of options to prepared samples, and avoids uncertainty in
measurements resulting from apparatus-sample reactions 4857, Although there are
constraints on the frequency scanning range, the resolution of the system varies
from the contact measurements, and the coupling and propagation experiences
losses in THz waveguides technique, THz waveguides are most favourable for use in
characterization owing to the system's high sensitivity and simplicity 1.70.72.76,

As illustrated in the Table 3, metamaterial-based sensing is the simplest in
comparison to the filter and plasmonics detection systems in the sense of the
straight conducting of free-space measurements on metamaterial substrate .80, In
our work, we successfully obtain this feature by introducing the SPR device as
a substrate to the thin film into the free-space THz-TDS transmission mode,
which also has been demonstrated by other groups. Aside from the system's
complexity, on-chip filter-based method is more advantageous than the
metamaterial devices due to the high selectivity and throughput, which are
important factors for industrial applications 1. 7°. Comparing the sensitivity of the
three systems is not necessary because of the different applied measurements,
various necessities in the configuration of the sample, and the materials of the

sample L.

Two main techniques are utilized in thin film THz-time domain spectroscopy:
developing the algorithms applied for the optically thick film, and enhancing the
signal and reducing the noise level 1.18.23. The enhancement in algorithms is
performed in conventional free-space THz-TDS 23. On the contrary, the
improvement in SNR has been achieved through reconfiguring THz-TDS system, or

using the free-space THz-TDS configuration by allowing the terahertz surface wave
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to traverse a greater length of analyte through using the concept of the THz
plasmonic or waveguides 1151839 In our work we characterize 2 pm PMMA by

using the SPR device with conventional transmission mode Terahertz TDS 37.

3.3.4.a. Improvement by Algorithm:

The nature of materials contributes to making scanning through THz-TDS
possible or not, even though their thicknesses are considered optically thin 1.23.
Signal-processing algorithms have been employed to enhance the STN ratio of the

recorded THz signals by almost 30% 47.

Spatially Variant Moving Average Filter (SVMAF) has been utilized in sensing thin
film through THz-TDS 1. 2. This method is based on enhancing the optical material
parameter extraction technique by reducing the noise effect on the recorded THz
spectra, hence enabling THz-TDS to detect samples with 100 um thickness 2. The
obtained complex refractive index from any changes in the detected THz signal is
reliable as long as those measurements fall under the dynamic range of the system,
as discussed in section 3.3.1 24

Further algorithm approach is based on diminishing the uncertainty
measurement by determining the sample thickness at the same time as recording
the complex refractive index 2. This is performed by applying the total variation
technique with Nelder-Mead search 2. Fourier transformation is utilized on the
recorded signal, as affected from many reflection spectra due to Fabry-Perot (FP)
effect 1.2. Using the real thickness of the sample to model the THz spectra minimizes
the Fabry-Perot effect, thus resulting in detecting a sample with 28 pm thickness 1.
Alternatively, Scheller et al. have established an algorithm approach to detect thin
film with non-uniform surface by the transmission mode for conventional THz-TDS
73, This approach is based on applying an additional Fourier transformation on the
recorded THz pulse suffering from FP effect and the obtained complex refractive
index resulting in analyzing material features in a quasi space domain 73.77,
However, the real refractive index of the target has been deemed in driving the time

domain error functions 73.77. Later work has combined the initial estimation of
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frequency domain by QA, and Nelder-Mead approaches to determine time domain
error functions have been introduced through considering the complex refractive

index of the material 77.

3.3.4.b. Improvement by Enhancing Signal or Reducing Noise:
3.3.4.b.1. Metamaterials:

Artificially structured materials or metamaterials have been used for a variety of
applications at THz frequencies, mainly to overcome a number of limitations in
terahertz technology including modulation device for THz wave modulating 50% of
THz transmission wave as well as improving THz transmission through photonic
crystals 23. Strong magnetic behaviour has been observed when THz waves interact
with specially designed metamaterials 1.23 80, despite the fact that there is a weak
influence of the magnetic materials on THz frequencies due to the short THz

wavelength compared to electromagnetic wave counterparts such as radio wave 23.

H » gt
u\ & A\N\.\‘ &

Figure 3.11. The SRR device and the electric field distribution over the surface of a single SRR on
resonance 18,

Split-Ring Resonator (SRR) and high Q-factor resonators are planar
metamaterials which have been investigated widely for sensing thin film?!. The
capital advantage of SRR and high Q-factor resonators is that they do not require
modulation on the configuration of the conventional THz-TDS 1.4%.71.79_ SRR is the
first approach created from metamaterials implanted in sensing thin film with a
theoretical ability to sense film as thin as 10 nm 1.71. SRR consists of a nested pair of
concentric rings with slits or gaps etched in opposite sides placed in a certain shape
forming a loop with an open gap [see Figure 11] 1. The primary key pursues the

structure of split-ring resonators, whose natural oscillation frequencies rely
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critically on the permittivity of the boarding dielectrics 71. However, the diffraction-
limited spot size of the terahertz beam excitation (~1 mm) constrains the minimum
thickness of the sample deposited in the SRR device, unless the near-field sensing is

applied 14979,

High Q-factor resonator is a near field technique utilized to confine the THz spot
size beam into a resulting small diameter .38 79,80, The operating idea is tantamount
with the SRR device, yet it has the ability to recognize a very small shift in the THz
pulse. This results in a noticeable change in the recorded THz transmission pulse
because sensing close to the sub-diffraction terahertz source leads to alleviating the
number of excited resonators, and minimal film areas result in increasing the Q
factor and decreasing the sample volume 1.38.79, This technique has high potential
for moving THz thin film sensing applications to industry purposes due to its great

number of advantages. Further details are available in References 1 and 79.

Absorbance
[=]
w
N

0.28 -

0.804 0.806 0.808
Frequency (THz)

Absorbance

0.78 080 0.82
Frequency (THz)

Figure 3.12. Narrow THz spectra provided by applying the waveguide technique. The absorption
spectra of the lowest frequency mode of the 4INBP /Al film 19.

3.3.4.b.2. Waveguides:

Utilizing waveguides with terahertz TDS system has been developed to improve

the characterizing and sensing abilities of THz-TDS technique due to various
advantages 1.70. 76,81, This process endows time-resolved scanning with picosecond

with the following: 1- secure and long-path with high pressure for toxic materials
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and precious gases 1.67.70,76; 2- narrow THz spectra are provided at cryogenic
temperatures associated with the vibrational modes of the molecules with no need
for high power [see Figure 12] 67.70.72,74,76; and 3- long interaction time is allowed
with the THz signal reducing the analyte amount to 1/100 of the amount required to

be used in free-space terahertz TDS due to the increase in the system’s sensitivity

70,72, 74,

Two major configurations of the waveguide with different kinds of materials
including dielectric or metal have been implemented in THz technology: Parallle-
Plate Waveguide (PPWG) and Microstrip Waveguide [see Figures 13] 1.67.70.72,81,
These specific waveguide configurations have been utilized into THz-TDS because of
their ability to hamper the THz pulse from the high group velocity dispersion when
propagating into the waveguide is alleviated 7% 72. The microstrip waveguide differs
from the PPWG in structure and performance !. Transmission lines fabricated on a
chip guide the terahertz wave to propagate along those lines 1. This technique is not
utilized in sensing thin film, yet it has been implemented in characterizing various

optically thick materials 1.

1

'

'
THz pulse SiLens ']

T

I'ransmitter Receiver
Laser pulse Laser pulse

Figure 3.13. The configuration of waveguide THz-TDS system (PPWG TDS) 19.

PPWG TDS is well-known for sensing thin film including biological molecules,
pharmaceutical materials, and explosives with thicknesses as low as 20 nm, even
though the film is not uniform, due to the high transmission amplitude of the THz
(approximately 35%) when coupling the THz waves with TEM mode or 20%
without coupling to the TEM mode normalized to the transmission amplitude of the

THz by the free-space TDS method 1.67.70.74.76_ Despite the advantages mentioned
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above, PPMG TDS has many instrumentation limitations regarding the potential of
this technique including restricting the broad range of the conventional THz system.
As well, the technique of sample preparation or sample interaction with the
waveguide material makes the characterization of unknown sample by PPWG TDS

unreliable 167,

3.3.4.b.3. Filters and Resonators:

This technique combines the concept of both waveguides and resonators !. Filter
loaded transmission line and photonic crystal waveguide conceptually exemplify the
use of this approach for thin film sensing 1. 71. Here, 103 times less target quantity
than the conventional THz-TDS has been successfully detected through
differentiating between the refractive index of various analyte, yet no information
has been obtained about the natural frequency on the molecule 15160, Most of the
work has applied these two techniques by implanting on materials that respond
resonantly at THz frequencies such as DNA and some explosive materials 1.60.71. THz
sensing for biomolecules develops the label-free detection technique, which is more
advantageous than the complexity and non-reproducibility of a fluorescent labeling-
based approach %71, Therefore, details about this technique are beyond the scope of
this thesis since the ability and sensitivity of detecting thin film cannot be compared
or generalized to counterpart sensing techniques. References 1 and 51 provide

more information.

3.3.4.b.4. Terahertz Plasmonic:

Surface plasmon polaritons (SPPs) at metal-dielectric interfaces have been
proven for several decades as a reliable technique for surface analysis and
investigation of thin films due to the two dimensional nature of SPPs and the strong
electromagnetic field at the interface which allows for obtaining measurements of
thin film spectroscopy including optical and dielectric constants, film thickness, and
inhomogeneities with high precision 85-87. Qur technique is based on utilizing THz
SPP wave in sensing the organic material of thin films for quality control

issues, as discussed in Chapter 4.
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3.3.4.b.5. Modified Transmission Mode THz-TDS:

This technique differs from the previous approaches in that it is based on

reducing the noise to enhance the sensitivity and hence the SNR 1.50,

Differential Time-Domain Spectroscopy (DTDS) approach has been utilized to
increase the SNR in characterizing samples with um-thickness 151850, DTDS has the
ability to detect phase changes of less than 0.6 fs 0. A galvanometer attaches to the
conventional terahertz TDS to enable swapping the target and the reference within
0.1 to 0.01 sec .15, On the other hand, exchanging the reference and the sample
requires one or several minute(s) to complete, which results in noise and signal drift
in the measurements 1 1518 However, the galvanometer by itself can not alleviate
the noise effectively; hence, a lock-in amplifier or a system with double lock-in

amplifier is utilized beside the galvanometer to remove the noise from the laser

fluctuation 118,
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Figure 3.14. THz waveform of the differential and the reference in terahertz DTDS system 20.

Extracting optical properties of the target in DTDS technique is based on
calculating the refractive index of the target by finding the ratio of the differential

amplitude to the field amplitude as follows 18:

Egirr(w) = Efyym(w) — Erer (0)  (17)
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Egirf(w
= | S (18)

Figure 14 depicts the THz wave of both the reference and the differential signals
18, DTDS approach provides access for THz-TDS to characterize sample with um-
thickness or less through reducing the noise level and taking advantage of
increasing the dynamic range of the measurements 1. 18, A further appealing feature
of applying the DTDS approach in bio-sensing applications is that it not only detects
the change in the refractive index between the samples, such as the resonator and
cavity technique; but also gives information about the nature of the changes in the
molecules, for example, by detecting morphological changes in living cell
monolayers 1. This approach has great potential for industrial applications in the
future once the cost of the lock-in amplifiers and the computational complexity has

been overcome through establishing alternative means 1. 73.
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Figure 3.15. A schematic diagram of the THz ellipsometer technique 21.

Alternately, characterizing a freestanding film with 2 um thickness is simply
achieved through attaching a Michelson interferometry into the conventional THz-
TDS which causes the splitting of a THz beam into two paths: one with a 180-degree
shift from the other path to probe the sample 1.50.56, Recombining the two signals
results in destructive interference 1 5056, Removing the noise resulting from laser

fluctuations enhances the depth and the special resolution of the measurements 150

56,
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3.3.5. Reflection Mode:

Reflection mode is utilized based on the type of extraction data and sample
properties > °°>. Samples with high conductivity and optical density or samples with
low transmittance are more desirable to be detected or characterized through
reflection mode due to the huge attenuation for the transmitted THz pulse > 31. For
example, measuring the dielectric properties for a dielectric or a semiconductor
material is more easily achieved by the reflection mode owing to the large
absorption coefficient, which gives more accurate characterizing data for the sample
4 Two major configurations for the reflection mode in THz-TDS are utilized:

terahertz ellipsometric and Attenuated Total Reflection (ATR) system #°.

Sample Evanescent

/ wave

ATR
Crystal

Incident Reflected

terahertz terahertz

Figure 3.16. Terahertz ellipsometric and Attenuated Total Reflection (ATR) system 22.

Figure 15 depicts a schematic diagram of the THz ellipsometer technique 31. THz
ellipsometer characterizing technique is built on providing the optical and dielectric
features of the target with no need to reference measurement through employing
THz polarizer and designing an optical path by complex configuration 1046,
Extracting information about the materials has been explored by converting the S
and P polarized complex reflectance of the target to the ellipsometric angle, which is
the function of the material’s complex refractive index 1. 10.46, To date, Lai et al. have
demonstrated an easy and simple mechanism to measure the optical and dielectric
properties with no need to use complex configuration by placing a wire-grid
polarizer in front of the sample with a specific angle which can be changed by using
a fixed rotation angle 31. Therefore, a simple signature in the reflected signal reveals

changes in the polarization state of the already polarized incident signal on the
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sample 31. However, the reflected signal has to be strong with strong S-polarized
radiation to be sensible 1. A highly sensitive THz source and detector including
Backward Wave Oscillator (BWO) are mandatory for use in detecting low-reflective
target 1.

As illustrated in Figure 16, ATR is a technique which uses a Dove prism, a
triangular prism made from high reflective index, low dispersion and transmission
loss such as silicon 264446, Terahertz ATR measurements have been performed
directly simply by placing a small amount of powder or liquid sample onto the
crystal 264446, When the incident THz with angle is more than the critical angle on
the prism, it exhibits a total reflection from the surface of the prism 26 4446, The
optical properties can be obtained from two scans with and without the sample 26 44
46_ATR technique does not require sample preparation and a small amount of the
sample can be sufficient 2644, However, this technique is not used for rapid
screening of many samples because it is not suitable for characterization due to the

need for complex calibration 26 44,

Extracting optical properties from the reflected THz pulse is performed by a
method similar to the extraction of optical properties from the transmitted THz
pulse #-6.19,44,83 The only differences are the use of a highly reflective metal mirror
with a reflection coefficient of minus unity, such as Au mirror, to measure the
reference signal; as well, the complex refractive index is calculated from the ratio
between the reflection electric fields from the reference and the target 45 823,31 The
detector receives reflected THz signals with reflection of p (parallel reflection), s
(perpendicular reflection), and polarization wave considering Fresnel principles 1%
23, The absorption coefficient and the refractive index are calculated from the

reflection coefficient as follows #:

-1 _ n+ik—-1
A+1 n+ik+1

|| exp(i@) = (17)

1-|r|?
= (18)
1+|r|2-2|r|cos®
__4mv 2|r|sin®
c 1+|r|2-2|r|cos®

(19)
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One significant drawback in the reflective mode is the isolated characterizing of
the sample and the reference signal causing misplacement errors 83183, This leads
to uncertainty in calculating the complex reflective index because the sample
position in the reflective mode directly controls the THz phase 31. However, versatile
approaches have been reported in the literature regarding the misplacement
inaccuracy 3144 83, For example, maximum entropy principle has been utilized in
correction of the phase shift 8 31. Given its high efficiency in rectifying small
misplacement error in order of +1 um, this technique is the most novel method 8 31.
A further technique for solving the misplacement error is based on measuring the P
and S THz wave polarization by utilizing the conventional THz ellipsometer method
31, This technique has advantages over the maximum entropy technique in
determining the optical properties of the target in addition to the dielectric features,

as well as its simplicity 31.

3.3.5.a. Modified Reflection Mode THz-TDS:

An approach based on remolding reflection mode for THz-TDS and using
substrate for the target material has been utilized in THz thin film sensing
technology 1. The key point in this approach is taking advantage of THz's ability to
distinguish between the film and the substrate due to propagating through film-
substrate interface; this significantly enhances the detectable signal for the thin film
1. Three techniques - terahertz ellipsometry, goniometric terahertz TDS, and thin-
film interface - have been reported in the literature as employing the purpose of

sensing film with a subwavelength thickness by THz rays 1 44 46,83,

The concept of terahertz ellipsometry has been introduced in Section 5. Terahertz
ellipsometry for thin-film sensing has not been well-established because of the need
for strong THz generator and highly sensitive detection, yet a number of works have

been reported in sensing thin semiconductor and metamaterials film 1.

Goniometric terahertz TDS (GTDS) is based on improving the recorded signal

from thin film by carrying on a series of complex reflected signals at different angles
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to identify the Brewster angle of the film/material interface in order to obtain the
changes in the phase around the Brewster angle 1. Not a lot of work on GTDS in
sensing thin film has been utilized because of the alignment required from the

complex hardware 1.

Reflection from the two interfaces of the substrate-backed film in the reflection
mode of THz-TDS has been demonstrated to enhance the reflected signal from thin
film 1. In this technique, the thickness and the complex refractive index of the thin
film are extracted at the same time through applying a theoretical model beside the
experimental result 1. Thicknesses of 15 pm have been detected by this approach 1.
Given 30 THz of bandwidth, film with thickness in order of 1 um is expected to be
measured 1. It is anticipated that the use of nonlinear THz generator and detector
will improve the sensing signal from the thin film by using this technique since the
recorded signal from the interface has been observed to occur beyond the

convectional THz-TDS bandwidth limit 1.

3.4. Detection and Characterization:
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Figure 3.17. For optimum characterization results from THz-TDS the experimental and the
theoretical calculation are performed on the sample (here MDMA) 23,

Density Functional Theory (DFT), Partial Least Square (PLS) regression,
Gaussian, Crystal, CPMD, Castep, and VASP exemplify some of the computational
software that has been used to elucidate the origin of THz absorption spectrums

owing to the lack of group characteristic frequency in THz spectra of analyte
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materials 32:33. The solid-state DFT has been demonstrated to reproduce crystalline
structures and THz spectra with accuracy unparalleled by other methods because of
its ability to consider all kinds of motions including intra/inter molecular regardless
of the need for a significant number of computational resources 416583, Using
waveguide THz-TDS in developing these theoretical models is expected to broaden
the use of THz-TDS in industrial applications due to its helpfulness in predicting and
understanding solid-state THz vibrational spectra, thus improving the precision in

identifying and characterizing materials 72.

Generally, numerical simulations vary regarding whether THz-TDS system is
designed for detection or characterization 12632, Alternatively, other approaches
have been developed for calculating optical properties of the target theoretically
with respect to the experimental results 2632, The combination between
experimental and theoretical results optimizes the efficiency and accuracy of

applying THz-TDS in characterization [see Figure 17] 32333441,
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Figure 3.18. Studying changes in THz signals in the lower-wavenumber region for T202 and T204
versus changing one property of the target, such as concentration. At the higher-wavenumber region
the MIR spectrometer is preferred due to the lower STR of THz-TDS at high frequencies 24

The essence of any characterization system is the accuracy in the analyst data
because for empirical applications, probing a target is necessary for detecting the
kind of analyte and quantitatively estimating its content in mixtures using
knowledge of spectral data of various molecule components that require a THz-TDS
system with high sensitivity, which is subject to various factors 15578, Free-space

THz-TDS offers accurate identification of sample compositions with the quantity of
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each component owing to the very broad bandwidth containing a large amount of
information obtained in time-resolved 1 48. Quantitative analysis in THz-TDS is
performed by studying changes in THz signals for a sample versus changing one

property of the target, such as concentration [see Figure 18] 2632,35,41,

Homogeneous samples or samples with crystalline structure are much more
easily characterized than heterogeneous samples or samples with amorphous
structure due to their uniform and parallel surface as well as their strong absorption
peak 1323565 Thus, applying a linear least squares regression is made possible, and

is utilized to examine the reliability of the experimental result [see Figure 19] 132 35,

65,
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Figure 3.19. Compression between THz measurements experimentally “solid line” and
theoretically “dotted line”. The inset illustrate different concentrations of the simples computed
theoretically at 0.88 and 2.2 THz 4.

In contrast, heterogeneous samples leave various features on THz spectra causing
a mandatory need to use algorithm software such as (PLS) regression .32, King et al.
have manifested the presence of effect or influence between the lattice phonon
modes upon each other, resulting on simultaneous absorption which can be
resolved using PLS 26.32,

Conventional THz-TDS detection system does not require determination of
samples’ dimension and geometry; therefore, there is no need to identify the
intrinsic broadband properties 132,55 64 [deally, sufficient contrast and shift in
frequency between the sample and reference samples are enough to detect samples,

leading to the conclusion that only equation (14) should be satisfied in considering
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the film detectable or not 4. Principal Component Analysis (PCA) is a chemometric
method used in the detection system of THz-TDS to identify the material, which
results in frequency shift in THz spectra due to its refractive index 1. 32.

Consequently, free-space THz-TDS is capable of detecting samples with
thicknesses smaller than those used for characterization, and only the noise in the
system (the sensitivity of the detection) has an impact on the detected signal 64 66,
This lack in the quantitative analysis results from both uncertainties in determining
the geometry of the sample as well as the high electronic noise compared to THz
signal 1, 64 66,

Other computational models have been implemented to reduce the level of
uncertainty in THz measurements, such as a Monte Carlo simulation and Withawat
et al. model 7>. These models can be applied to obtain a reliable measurement when
the evaluation of uncertainty is critical such as in detecting explosive material and in

pharmaceutical materials for quality control 7>.

3.5. Conclusion and Outlook:

Up until the present, THz-TDS has proven its potential whether in characterizing,
detecting, or imaging in a ubiquitous range of applications including tomographic
imaging, quality control of packaged goods, high-temperature superconductor

characterization, label-free genetic analysis, and chemical and biological sensing 4>

47,48,84

In many instances, the ability to extract the absorption coefficient and the
refractive index directly from the THz spectrum in THz-TDS offers advantages over
other spectroscopic techniques in that it endows calculation of the complex
refractive index and the complex permittivity of the sample while avoiding the
uncertainty caused by Kramers-Kronig or by implementing more than the
spectroscopic technique on the same sample to obtain different information 7 12 22,
23,28,59, THz-TDS is a coherent technique with pulsed radiation allowing for
characterization with time-gated approach resulting in the development of

terahertz imaging and the following advantages 2732 44-47,60: 1- carrying out the
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experiment at room temperature in less than 20 ms, because applying the time-
gated detection avoids the extraneous ambient noise; and 2- Fabry-Perot reflections
can be taken away from the recorded spectrum ?7. As a further appealing feature
over other IR spectroscopy techniques, characterization of organic materials by
THz-TDS provides information on both molecular conformation and the
intermolecular environment with safety and high internal resolution, such as
distinguishing between polymorphism and chirality 29 30.32,47-51,57,84 Therefore,
THz-TDS has replaced the linear spectroscopy Far-IR Fourier-Transform
Spectroscopy for characterization materials in the range between 20 and 500 um. As
well, THz-TDS has become more favourable for use in characterizing organic
materials compared to a molecular organic conductor (TTF-TCNQ) owing to its

complexity 4> 63,
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Figure 3.20. Number of the explosive materials that have been detected and identified by THz-TDS
12

Since THz-TDS is a non-contact and real time detection technique, it is used in
explosive identification at standoff distances of a few centimeters while imaging the
distribution of the spectral characteristics of the structures 43 48 54,57 Figure 20
shows some of the explosive materials that have been detected and identified by
THz-TDS 43. These materials can be detected with very low levels of radiation

compared to X and gamma ray, even in plastic, paper, non-metallic materials, and
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cloth due to the ability of THz wave to penetrate such materials 41-43,48,57,74, 84,
Figure 21 illustrates a real time terahertz TDS device for explosive identification 43.
THz wand prototype is being used to scan people without need to perform hand-

searching 7.

In addition, nanostructures have been characterized through THz-TDS in order to
explore the physics behind the quantum confinement phenomena in characterizing
versatile devices such as semiconductor devices or medical devices 242532, To date,
the results of the extensive research in this area are that THz-TDS offers a resolution
of up to 41/3000 and a video-rate recording for THz near field imaging, which is an

appealing feature over IR illumination in, for example, cancer diagnosis 53 54,

Zomega’s Micro-Z handheld THz time-domain spectrometer

Figure 3.21. A real time terahertz TDS device for explosive identification 12.

However, the strong absorption of water molecules hampers the standoff
distance detection by limiting the detection distance to a few centimeters or less
than a meter, as well as by preventing THz-TDS from identifying or detecting
materials which have a resonance near a water line #3.74. The low THz photon
energy poses inherent difficulties in the detailed interpretation of weak complex
intermolecular interaction #4. On the other hand, these features of THz ray are very
attractive for biological spectroscopy and imaging applications since, for example,
THz ray can distinguish the unnatural supply of blood and water in cancer areas

within the human body 4.

THz-TDS in sensing thin film has been outdone to some extent by some of the
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spectroscopic techniques through, for example, avoiding the impact of the dead-
layer effect on thin-film measurements and providing a direct window into the
complex refractive index of the film 6% 68. Also, for THz-TDS thin film spectroscopy
and imaging, targets with micron thickness or less have been successfully
characterized or imaged using DTDS or waveguides approaches 6650, The current
challenge is to perform spectroscopy and imaging tasks by using the conventional
transmission mode for THz-TDS without a need to compensate in price, algorithm,

or system complexity.

Terahertz TDS has enormous potential to become a detector for many industrial
applications deducting from the above features and developments and because its
three configurations - transmission, reflection, and imaging - open up the possibility
of effectively and efficiently sensing a variety of samples. To live up to its enormous
inherent potential, THz-TDS should be developed to offer reliable measurements
both swiftly and inexpensively including enhancement in the software used to

identify materials probed by THz radiation.

That motivates us to implement THz radiation to characterize materials such as
PMMA and those used in organic light emitting diode (OLED) to address the
material quality control issues in OLED production. This characterization has been
conducted using the conventional transmission THz Time Domain Spectroscopy. We
investigate the characteristic of thin PMMA film using terahertz surface plasmon
near-field sensor. The reasons behind choosing terahertz plasmon over other
approaches, discussed in this chapter, will be clarified after introducing the

following chapter.
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CHAPTER 4

TERAHERTZ PLASMONIC AND TERAHERTZ
SURFACE PLASMON RESONANACE (SPR)
NEAR-FIELD SENSOR

4.1. Introduction:

Compact devices have fueled a quest of concentrating and guiding
electromagnetic waves into small volumes, resulting in the innovation of
waveguides, transmission lines, plasmonics, and optical fibers 1. Plasmonics are
being explored to generate, propagate, and detect plasmonic waves 2. An
alternative definition of plasmonics is to guide and manipulate the electromagnetic
wave beyond the diffraction limit and combine photonics, nanotechnology, and
electronics © 8 11-13_ For example, the use of surface plasmons enables the confining
of EM waves into a small volume (this is unachievable by the conventional focusing
techniques and dielectric lenses), as well as minimizing the length scales of photonic
circuits through concentrated and channeled light by utilizing subwavelength
structures © 8 11-13,38 Before the plasmonic generation, fabricated nanoelectronic
devices containing photonic circuits were challenged because the optical
components, which are encompassed from optical fibers and waveguides, could not
be scaled down owing to prevention by the diffraction of the confinement of
propagating light when optical fibers and waveguides dimensions became smaller

than the propagating wavelength 2.

The history of plasmonics dates back to 1902 when Wood reported an
observation of narrow dark bands where visible polarized light was reflected on a

metallic grating 7. 10. This phenomenon was explained theoretically by Otto and
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Raether as surface plasmons (SP) causing a drop in reflectivity in the attenuated
total reflection method 4 7. SP is an oscillation of electron waves on the boundary
between metal and dielectric induced from the electric field of the electromagnetic
wave impinging on the metal surface 14+ 9. A hybrid of electromagnetic wave and SP

wave is called Surface Plasmon Polarization (SPP) 1. 2.8 12,

In the late 1970s, SPP was utilized in sensing thin film applications due to the
tremendous field enhancement associated with SPP waves 4 ¢ 8. Most works focused
on applying the optical frequencies through using noble metals because frequencies
of free-electro waves on noble metals lay in the optical and ultraviolet regime,
thereby determining the coupling nature ©¢. In another words, since the
permittivity of metals is very small at the optical and ultraviolet frequencies, the
penetration of the electromagnetic field carrying these frequencies is considerably
great yielding in strong confinement 1 8. Depositing dielectric thin film on the
surface of metals has significant impact on properties of SPP waves, hence allowing
for the identification or characterization of the film because the propagating

characteristic of SPP is extremely sensitive to any changes in its surrounding medias

4,5,

In addition to detecting thin film, SP waves have been explored for their potential
in various devices including magneto-optic data storage, microscopy, surface-
enhanced Raman scattering, surface plasmon spectroscopy, and surface plasmon
resonance sensors 3 68 SP concept has matured greatly within a large area of
applications in optical frequencies compared to terahertz frequencies due to the
intrinsic plasma frequency on the conductor being present in the visible and UV
range -4, Radiation carrying THz frequencies is weakly confined to free-electron
waves on the metals due to the large permittivity and ohmic losses of metals at THz
frequencies which leads to the large propagating length of the SPP 1. In addition,
compared to the frequencies of counterparts in the electromagnetic spectrum,
confining THz radiation into a sub-millimeter scale poses inherent difficulties by

using conventional means such as coupled photonic-crystal resonators and stripline
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resonators due to its long wavelength 38,

However, as mentioned in the previous chapter, exploring the importance of THz
sensing for a variety of applications has led to the investigation and development of
THz technologies. For THz plasmons, two major approaches have been proposed to
confine THz ray into subwavelength structure and strengthen the confinement of
SPP in THz regime: SPP on semiconductors or SPP on metals with surfaces

containing holes or grooves 1. 45,

Our goal is to fabricate SPR near-field sensor to characterize thin organic film and
those used in organic light emitting diode (OLED) production to meet the challenge
of material characterization and sensing in the terahertz (THz) range. The
advantage of high near-field enhancement and confinement at the boundary
between the SPR structure and dielectric layer makes the proposed sensor

operating in the Terahertz region pertinent for material sensing 8.

Two SPR devices containing either 2D periodic circular or square hole array in
500 nm Al on an 5 mm-thick intrinsic silicon, or a single subwavelength aperture
surrounded by concentric periodic grooves of a set period in a metal plate (which is
known as a Bull’s eye structure), were fabricated by following the micro-
fabrications process encompassed from UV photolithography and wet and dry
etching to transfer the pattern into the Al film. As explained in chapter 3 about THz
spectrum measurement through conventional THz-TDS, the SPR device consisting of
2D periodic circular or square hole array with and without thin Poly(methyl
methacrylate) (PMMA) film on it is placed at the focus of the THz beam in
transmission THz-TDS, where the spectrum is obtained from the Fourier-
transformed sample and reference THz pulses. The transmission is obtained from
the ratio between the sample spectrum and reference spectrum, whereas the phase
change is the phase difference between the two spectra. To avoid overlap with
water absorption lines, the optimal SPR device design has a period of 320 um and
square holes of 150 pm side length. We successfully confirmed the theoretical SPR

frequencies for metal-silicon mode and demonstrated a shift to 0.9211 THz due to 2
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um of PMMA layer on the surface ©8.

This chapter is organized as follows: SPP is defined and the dispersion
relation of SPP on planner surface is given to investigate and understand the
parameter effect and influence on the SPP. A literature review of THz
plasmonics with an emphasis on the extraordinary transmission of THz SPP
through subwavelength hole arrays fabricated on metal is presented in
Section 4.4. This chapter will present and establish the motivation behind this

work as well as our SPR design.

4.2. What is the Surface Plasmon Polarization (SPP)?

h - dielectric

\_/\/\A/ >X —T

..... b ooes metal l

Figure 4.1. (a) Shows the electric and magnetic field oscillation on the interface between metal and
dielectric media. (b) The penetration depth on both medias depending on the dielectric of the metal
and the dialectic media as well as the resonant frequencies of SP waves on the conductor and the EM
waves traveling in the dielectric media 25.

Figure 1 illustrates SPP propagating on metal-dielectric interface with different
permittivity. Surface plasmon polarizations are an inhomogeneous combination of
transverse and longitudinal waves stemming from free electrons on the interface
between a conductor/dielectric media with unique geometries simulated from the
electromagnetic field which are coupled by using different means 1. 9 13-15,25,41,
However, the excitation of the SPP depends on the polarization of the EM waves and
the incident direction, which is usually perpendicular to the metal surface with p-
polarized wave due to the z-direction of the SPP oscillation 1.13.14.41_SPP propagates

non-radiatively along the x-direction. The lack of a momentum match between the
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two wave numbers results in a non-direct transformation between light and SPP
along the interface 1.5 25, Various methods have been used to match the momentum
between the EM waves and SPP waves, including an aperture excitation approach
and a grating technique, thereby achieving the confinement [see Figures 2 and 3] ¥
25, This confinement between the SP waves and the incident's electric field of the
same frequency results in SPP waves carrying a high momentum that is greater than

the EM waves with shorter wavelength 8 13,

dielectric

Figure 4.2 (on the right). Grating in the metal surface used for SP and EM waves momentum
matching. Figure 4.3(on the left). (a) the Otto method, (b) the Kretschmann method for momentum
matching between SP and EM waves 25.

B e

4.2.1. Dispersion Relation of SPP at Planer Surface:

The physical principles of EM SPP on metal-dielectric interface have been
explained by Maxwell equations through applying the electromagnetic boundary
condition and using Drude model, as explained in Chapter 3, to obtain the dispersion
relation of the SPP propagating on metal/dielectric interface, which is based upon

two factors 1 5:

First, the real parts in the permittivity of the two medias in which the SPP form
and propagate must have an opposite sign. This is the case in the metal/dielectric at

the optical frequencies as indicated in the following equation 2°:

kza _ _ kzm
o . (1)

Where k,; and k,,,, and €; and &,,are the real wave vector in the z direction
describing the surface mode of the EM SPP wave, and the real permittivity of the

dielectric and the metal medium, respectively 125, In order for this equation to be
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valid, the |&,,| > €4 has to satisfied to form SPP 48. The continuity for the in-plane
condition is applied and the wave number calculated from Maxwell equations are

considered to obtain the wave number of the SPP wave as given by the following 1.

_w EdEm
kopp =2 \ Catem) (2)

From this equation the wavelength of the SPP can be acquired by 25:

1 — 2 :27TC (eq+em) (3)
Spp kspp w EdE€m

[t can be established that the ratio between the SPP wavelength and the EM

25.

A =9
PP ‘where Ay = &=

Ao JEd

wavelength traveling in the dielectric medium , has to be less

than one for subwavelength optics 2°.

Second, for determining the penetration depth and the propagation length, it is
mandatory to devote effort and time into selecting the appropriate metal, surface
configuration, coupling technique, and EM wavelength required to form and

implement SPP by the following equation?® 5 9 13, 14;

kpa = WY + 2ko)=kyq (4)

Where k,, is the imaginary wavenumber components in the perpendicular direction
inside the dielectric 1. The symbol y = k, — k is the confinement parameter of the
SPP to the interface, which will be strong if y > 0, meaning that the real wave
number of the free-electron (k, ) is larger than the wave number of the EM incident
wave L Practically, considering Fano mode, the metal permittivity has to be negative
with its value larger than the dielectric permittivity to achieve high field

confinement 4. k,, is utilized to describe the dispersion relation of the SPP under the

assumption of low loss metal. It is defined as k, = Cﬁnd, where ngq is the refractive
0

index of the dielectric 1.
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Thus, SPP wave is an evanescent wave, or a near field wave that suffers from
exponential decay perpendicularly in both medias when SPP reaches its maximum.
This has been defined as the penetration depth L, or the skin depth of metal at
which the amplitude of the SPP declines by a factor of 1/e due to absorption from
metal and scattering [see Figure 4] 157813, This leads to the highly localized wave
being confined near the conductor surface, which is very attractive for sensing
applications °. The confinement can be adjusted by altering the conductivity of the

substrate 5 9.

Evanescent field

Figure 4.4. Decaying length of SPP waves into the dialectic medium illustrating the limited range of
SPP sensitivity to around 300 nm above the conductor surface 26.

To summarize, in order for the SPP confinement to occur efficiently and be
applicable, the EM wave traveling in the space has to have an effective index less
than that of the free-electrons wave on the conductor surface. As well, the
propagating distance of SPP has to be suitable for this use. For example, silver has
been utilized in photonic circuits due to its low loss at the optical frequency, which
results in long propagation distance for SPP 1-8.48, When considering the opposite
situation between the permittivity of the EM in the dielectric media and the SP on
the conductor, weak confinement of the SPP to the interface has been reported with
long propagation distance that is the case with THz wave and noble metals 1-°.
Therefore, three parameters have been used to investigate and manipulate the SPP:

wavelength of the SPP, propagation length, and decay length 1.5 25,

Sensing and detection capabilities of THz radiation to thin film can be

significantly improved by employing the SPP concept due to its tighter confinement
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of the high field near a metal-dielectric interface 21. Thus, to implement the SPP
concept in the THz frequencies, the permittivity of the dielectric must be increased
or materials must be used with low permittivity, if the concept of planar surface is
desired 1.5, Coating or depositing a dielectric film on top of noble metal enables
lowering the permittivity of the dielectric media® > °. The other technique which is
based on using materials with low permittivity has been accomplished through
using semiconductors such as In-Sb, since utilizing a semiconductor as a surface of
the SP offers the possibility of tuning the permittivity of the material to a certain

frequency by changing the deposition density 1> 9.

A further approach reporting extraordinary THz transmission is performed by
engineering a surface plasmon at almost any frequency, as “metals are nearly
perfect conductors from zero frequency up to the threshold of the terahertz
regime"; this is known in the THz SPP field by the sub-wavelength metallic hole

arrays approach > 14,

4.3. Literature Overview of THz Plasmons:

Figure 4.5. (a) SEM image for the silver nanorods, (b) Dimensions of these silver nanorods used by
Cao etal. 27

Owing to the SPP features and the well-developed characteristics of the SPP, THz
plasmonics are being developed very quickly, including near field THz imaging and
spectroscopy, THz photomixing source, photoconductive THz source and
photoconductive THz detector, nanoscale devices, and THz thin film spectroscopy 3

16,2324 The plasmon concept has been applied in THz sources and detectors to
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increase THz radiation powers from a plasmonic PC generator 50 times higher
compared with a similar PC generator with non-plasmonic contact electrodes, as
well as 30 times higher THz detection sensitivities from a plasmonic PC detector

compared with a similar PC detector with non-plasmonic contact electrodes 24.
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Figure 4.6. [llustrate the SPR device fabricated on the silver nanorods and the direction of the
pattern of the SPR structure whether in the long side of the rectangular or the short axis with respect
to the Ag nanorods direction 27.

THz plasmonic nano-structure materials, like carbon nanotube and THz-
scattering near-field optical microscopy, have demonstrated potential in working as
a waveguide of THz frequencies. Many applications will benefit, including
biochemical sensing, nano-antenna, and DNA chips 26 27. For example, carbon
nanotube characteristics, including small junction areas, high electron mobilities,
and low estimated capacities, make them more attractive than solid-state
components, such as metal waveguide 28. THz nanotechnology-based techniques
are being utilized to overcome a number of challenges in the THz field, such as
improving the low performance of the THz sources, and increasing the resolution of
THz imaging 28. Recently, Cao et al. have demonstrated a novel approach in which

silver nanorodes are utilized as a substrate to fabricate the subwavelength
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structures [see Figures 5 and 6 in 29] 2°. This approach can serve as THz
polarization filtering, switching, tuning, sensing, and narrowband filtering devices
because the polarization-dependent extraordinary transmission of THz pulse
through the subwavelength structures is supported by the anisotropic nanoscale
surface morphology of the silver nanorodes, thereby increasing the material
anisotropy at THz frequencies 3 orders of magnitude longer than the nanorod

length scale 2°.

THz plasmonics and metamaterials are examples of other areas being utilized to
improve the applications in THz technology, such as SPP THz sensing because of the
ability of designing metamaterials to respond to THz radiation by using methods

that cannot occur in natural materials 25 29,
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Figure 4.7. (a) SPP wave coupling geometry, (b) Gold film covered with a dielectric film 28.

Before embarking in a concise description of approaches utilized to confine THz
ray into subwavelength structure and strengthen the confinement of SPP in THz
regime, it is interesting to differentiate between surface waves and surface plasmon

polarization > 16,

Plasmonic surface waves are a configuration of EM surface waves, such as
Zenneck waves or Sommerfeld waves (known as surface waves) >17. Surface waves,

which were discovered in 1907, are radio waves able to propagate into the surface
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of the ground or the sea 1’. Later, surface waves were implanted in localized
radiation application, including Zenneck waves on a flat metal surface and the
Sommerfeld wave on a single metal wire 16.17.48_ Surface waves differ from SPP
waves in that Zenneck waves are formed between two dielectric interface media,
while the permittivity has to carry different signs for both medias where the
plasmonic surface waves form 16.17.48, Surface waves at THz frequencies are being
explored as SPP mode, if studied conducted on a noble metal surface in some works

in the literature, while other studies consider this to be two different phenomena >

16,17,26,

As mentioned above, three approaches in the literature have been utilized for thin
film spectroscopy: dielectric film coated on a noble metal, the use of low permittivity

substrate, and the sub-wavelength metallic hole arrays 1 51415,
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Figure 4.8. THz detector is fixed by the end of the metal wires 2°.

The former technique is vividly illustrated in Figure 7 1°. Two cyclotene films are
presented “as an example of how the dielectric thin film used to increase the
permittivity of the dielectric media” with thicknesses of 3.8 and 9 um deposited on
gold substrate have been successfully characterized >. To couple the THz pulse to the
SP wave, two razor blades are fixed at specific heights from the dielectric film
separated by a certain distance to form the in-coupling and out-coupling apertures
[see Figure 7] 19. This technique utilized in SPP technology to couple the EM wave
with the SP wave is known as the aperture excitation approach 1°. Another
technique using the same principle conceivably coats dielectric film on metal wires

18,20, Unlike the use of flat surface, such as in the above example, the use of metal
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wires increases the sensitivity of spectroscopy measurements because wires do not
spread out the THz SPP waves. This leads to a decrease in the frequency and an
increase in the phase velocity and group velocity approaching the speed of light,
thereby resulting in estimating an ability of sensing thin film with a few nanometers
18,20, Sharp needles from the same material of metal wires are attached to the metal
wires to couple the THz pulse with SPP wave 18. The THz detector is fixed by the end
of the metal wires to detect the propagating THz SPP waves [see Figure 8] 18 19,
Further information about the dispersion relation of THz SPP when utilizing this

technique is available in Reference 19.

While high resistivity semiconductors are transparent to THz waves, highly
doped semiconductors exhibit metal behaviour at THz frequencies, thus forming
SPP resonance in terahertz regime > 1521.22,36, As mentioned above, THz SPP on
highly doped semiconductors including Indium antimonide (InSb), n-doped Si, and
p-doped Si is another approach utilized in THz spectroscopy and imaging > 15 21, 22,36,
Rivas et al. have revealed the first demonstration of THz-TDS measurements of
broadband SPP pulses propagating on complex structures including gratings or
grooves 15. The key behind the use of semiconductor substrate is the natural
behaviour of a semiconductor at low frequencies as metals in the optical range,
thereby making it possible to excite and propagate SPPs on
semiconductor/dielectric interfaces at THz frequencies with the ability to change
the permittivity and influence the strength of the confinement > 15 25, 40,47 This leads
to increasing the sensitivity of spectroscopy measurements by reducing the SPP
group velocity > 1525, 40,47 The coupling techniques are also necessitated, in this
approach, if the semiconductor surface is smooth, or contains grooves spreading in
large areas 1°. Grating, holes, or apertures which have formed on semiconductor
substrate have been used to investigate the impact of SPP at THz spectroscopy and
imaging > 1521 22 Extraordinary transmission of THz pulse through subwavelength
hole arrays on semiconductors, including n-type silicon and InSb, have been
achieved by the resonant tunneling of SPP, which increases by increasing the size of

the aperture, and reducing the thickness of the grating, to some extent 30.40.47 Azad
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et al. have shown that the efficiency of the extraordinary transmission is
polarization-dependent; that is, the transmission efficiency maximum when the
major axis of the aperture is perpendicular to the polarization of THz electric field
E//xis due to the preservation of the input linear polarization for the surface
plasmons when E//x 40, Also, the amplitude of the transmission pulse is reduced
when the dielectric permittivity of the area surrounding the Si increases, such as
deposited thin film on the Si substrate, unlike what occurs on the metallic substrate
40 However, for sensing thin film using the smooth semiconductor surface, a trade-
off is expected to occur between increasing the interaction length and a reliable
change between the reference and the sample signal due to the high propagation

loss 5.

4.4. Terahertz Surface Plasmon Resonance (SPR) Near-Field Sensor:

4.4.1. Subwavelength Metallic Hole Arrays:

Extraordinary transmission of light through subwavelength hole arrays has
attracted many areas of applications including optical data storage, near field
microscopy, optical displays, and thin film sensing 5 30.34.39, The enhancement in the
tunneled transmission light stemming from the coupling with SPP by the surface
configurations has been explored through the waveguide theory and the grating

theory of the frequency-selective characteristic of SPP resonances 3032 34, 35,36, 41,42,

Ebbesen et al. have established the concept of extraordinary transmission of light
through subwavelength hole arrays 3839 42,46, The extraordinary transmission
phenomena was observed for light tunneled through subwavelength aperture
arrays fabricated on optically thick metal with efficiency higher than unity
normalized to the fraction of the grating’s surface occupied by the holes 3638 42,43,
This observation extends beyond what Bethe theoretically predicted as explained in
the diffraction theory, which indicates that the transmission energy (T) of EM wave
through an isolated circular hole in an optically thick metal film is determined by

the diameter of the aperture (d) and the wavelength of the light (1) by the following
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relation 38 39;
Toc(d/A)* (5)

At THz frequencies, the extraordinary transmission through thin metallic hole
arrays has been demonstrated through the excitation of SPP on the metal-dielectric
interface confining the incident THz pulse around the holes, hence precluding THz
pulse from easily passing and attenuating into the conductor 3032 35,38,46 Thjs
process is explained theoretically and experimentally by using THz-TDS to
investigate and study the SPP properties at THz frequencies including the resonant
transmission effects of hole shape, dielectric properties of materials, and thickness
of the arrays 30.3538,43,45 [ this approach, the periodic aperture arrays cause the
coupling of THz pulse and SPP wave through scattering energy into a tangential

diffractive component 36,38, 45, 46,

Amplitude Transmission
Amplitude Transmission

0.4 |

Il 1 s 0.6 1 1 1 ' ' L
0.5 1.0 1.5 2.0 05 10 15 20 25 30 35

Frequency(THz)

Frequency (THz)

Figure 4.9. THz amplitude transmission in different materials depends on the shape of the metallic
aperture arrays 30. Also depends on the dielectric of the metal “ metal with a higher ratio between
real and imaginary parts of the metal permittivity endows a higher amplitude transmission, such as
87%, 85%, and 82% for Ag, Al, and Pd consecutively 3°.

The extraordinary transmission occurrence of THz SPP has been observed on

metal/dielectric interface with a ratio of the real and imaginary part of the metal

permittivity more than unity —= > 1, which exhibits a discrepancy against what

€im

has been proven about SPP at THz frequency 31.36.38.46_ Essentially, the configuration
of the surface, which is known as surface plasmon resonance device, leads to a rise

in the effective dielectric constant and establishes the SPP resonance even with the
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ratio — >> 1 21,36,38,50, A variety of metals have been reported as offering

€im
extraordinary transmission at THz frequency including lead (Pd), silver (Ag), and
aluminum (Al) 33.36.38 The dielectric function of the applied metal influences the
extraordinary transmission amplitude of THz SPP wave through the hole arrays [see
Figure 9] 3638, The experimental results agree with what is expected theoretically in
which the metal with a higher ratio between real and imaginary parts in the
permittivity endows a higher amplitude transmission, such as 87%, 85%, and 82%
for Ag, Al, and Pd consecutively 3¢ 38, When this metal layer has been deposited on
thick high resistivity Si, or the thick high resistivity Si has been placed on the back of
the wafer carrying the metal layer, the thickness ranges from 2mm to 10 mm, clean
observations of plasmon dynamics are obtained through eliminating the backside

reflection 32 36,42,
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Figure 4.10. The dependence of THz transmission amplitude on the thickness of the metal film, the
metal here is Pd 30,

The thickness effect of the metal on the transmission amplitude at THz
frequencies has been investigated [see Figure 10] 3¢ 38, The product of this study can
be explained as transmission efficiencies measure above 90% of their maximum
amplitude transmission when the metal thickness is equal to one-third of the skin
depth 3638 The skin depth has been defined in section 4.2.1 as the penetration
depth at which the amplitude of the SPP declines by a factor of 1/e 253638 Metal
thickness above or under the skin depth reveals a reduction in the transmission

amplitude of THz pulse 3. For the latter case, no SPP enhancement is measured until
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the thickness of the metal increases to a critical thickness in which the effect of SPP
resonant on the THz transmission amplitude starts to be measured 36 38 43, In the
former situation, the transmission amplitude of THz pulse is alleviated due to the

attenuation from long tunneling distance 3¢ 38,

The shape, size, and period of the hole arrays at THz frequencies directly impact
the SPP resonant mode and the amplitude of the transmission 33,35 36,38,41,42 Figure
9 illustrates this dependence. Rectangular aperture shape expresses strong
polarization dependence, yet circular hole, or any other aperture with fourfold
symmetry is not polarization dependent 35 36, Various resonant transmission
amplitudes and line shapes regarding the aperture shape result in a higher phase
change observed from the rectangular compared to circular hole because the
rectangular shape preserves the input linear polarization, yet the circular hole does
not 35 36,4243 The size of the hole arrays affects the transmission amplitude of THz
SPP; in other words, the larger the size of the hole the higher the transmission
amplitude of THz SPP, yet until it reaches a critical size, the transmission amplitude

decreases rapidly 33.

4.4.2. Bull’s eye Structure on Metallic Film:

metal film

substrate (transparent to THz)

Figure 4.11. Schematic diagram of the Bull’s eye structure.

Bull’s eye structure is another configuration of the SPR device consisting of a

single hole surrounded by concentric periodic annular corrugation [see Figure 11]
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31,37,38,44,

Similar to the above structure, this configuration has a history in optical
frequencies before implanting in THz frequencies, and it also exhibits extraordinary
transmission of THz SPP 31,3844 The extraordinary transmission of THz SPP can be
achieved by a certain distance between the annual rings and the position of the
bull’s eye 31.37.38 Further observation is established in which the extraordinary
transmission of THz SPP is suppressed by changing the distance between the rings
and the aperture 3138, Two phenomena are responsible for either extraordinary
transmission or transmission suppression: a single cycle pulse “non-resonant
transmission” and a damped oscillation “resonant transmission” 31.38, The former
phenomenon leads to the regular transmission of the THz through the hole 31.38, The
latter phenomenon describes the interaction of the THz pulse with the annual rings

causing the extraordinary transmission of THz SPP 31.38,

4.4.3. Motivation of This Thesis Work:

It can be deduced that THz SPP sensors are indispensable due to their high
sensitivity among other sensors, particularly in biology 2°. In other words,
implementing THz SPP in thin film sensing has great potential for industrial
applications because the two dimensional nature of SPPs and the strong
electromagnetic field at the interface 15 1° with the THz natural reaction with the
material “Chapter 3” provides reliable measurements of thin film spectroscopy
including optical and dielectric constants, film thickness, and inhomogeneities at
interfaces with high precision. This motivates the investigation of the characteristics
such as purity of thin organic film including PMMA and those used in organic light

emitting diode (OLED) through THz SPR devices.

4.4.4. Experimental Setup of Transmission Mode THz-Time-Domain

Spectroscopy:

Similar to the experimental set up for transmission mode photoconductive (PC)

switches with large aperture as explained in Chapter 2, we employ THz-TDS to
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experimentally measure the transmission magnitude and phase change of THz
pulses through thin metallic films patterned with subwavelength hole arrays on
silicon wafer. The data acquisition of the THz pulses is performed using LabView
software and Lock-in amplifier. The silicon wafer was 2” in diameter and placed

using a special sample holder at focus of the THz beam.

For THz spectrum measurement, the SPR device on the 2” Si wafer with and
without thin (PMMA) film on it is placed at the focus of the THz beam in
transmission THz-TDS, where the spectrum is obtained from the Fourier-
transformed sample and reference THz pulses. The transmission is obtained from
the ratio between the sample spectrum and reference spectrum. The SPR device
contains 2D periodic circular or square hole array in 500 nm Al on an 5 mm- thick
intrinsic silicon, and was fabricated by photolithography and wet etching. We then
measured SPR device that has a period of 320 um and square holes of 150 um side

length.

4.4.5. SPR Devices Design and Simulation:

The fabricated metallic array of holes with diameter D and period P is shown in

Figure 12.

e

Figure 4.12. The fabricated array of metallic holes with diameter D and period P.

We designed and fabricated three SPR structures. One SPR structure is shown in
Figure 13 and it is fabricated on 500 um quartz wafer and is an array of circular

holes with diameter of 100 um and period of 200 um and 1.57 pm layer of PMMA on
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the structure. The second one is fabricated on 5 mm thick high resistive silicon to
avoid reflection from the substrate and thus allowing longer THz scan using THz-
TDS [see Figure 13]. To avoid overlap with water absorption lines, the optimal SPR

device design has a period of 320 um and square holes of 150 pum side length.

AIR
AIR

A
z PMMA 2 um
PMMA 1.57 um AL 500 nm AL 500 nm p
AL 250 nm AL250mm | | | ; %
O
-
High Resistive Silicon (5 mm)
Quartz 500 pm

AIR
/‘\

THz Wave

AIR
2

THz Wave

Figure 4.13 on the left. The SPR structure to simulate using HFSS to fin d the SPR frequencies of an
array of metallic holes on 500 pm of quartz and thin film layer of 1.57 pm PMMA on it. For the
simulation, the refractive index of quartz used was nquartz = 1.96 and for PMMA npMMA = 1.436

based on terahertz transmission measurement. The SPR structure considered here is an array of
circular holes with diameter of 100 um and period of 200 pm and layer of PMMA on the structure.
The simulated SPR resonance frequency for Metal/PMMA-Air interface mode (0,1) is 1.4878 THz. On
the right. The SPR periodic structure on high resistive silicon with thickness of 5 mm for THz-TDS
measurement

The third SPR device, the Bull’s eye structure is fabricated using our proposed
methods. In the first method (Figure 14), we first pattern the structure in a thick
(tens of pum) photo-resist SU-8 by photolithography. Because SU-8 is transparent to
terahertz, we will coat an aluminum film of 0.5-1 pm thickness (opaque to
terahertz) on it by sputter deposition that coats the SU-8 structure sidewall as well.
Next, the hole in the center will be patterned by a second photolithography step and
wet etching of aluminum (critical dimension CD control is not an issue since Al here
is very thin compared to the aperture size). In the second method, lithography
transfers the bull’s eye structure into the 300 nm thick Al film sputtered into 200
um thick Si wafer. Instead of using thick Si wafer in order of 5 mm thickness, a very
thin wafer will be used, with the “eye” structure etched through the wafer using
deep silicon etching by RIE. The cost of using the expensive thick Si wafer is
reduced in applying this technique by removing the complicity in the fabrication

processes. Then the SU-8 ring structure is patterned by a second photolithography
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step and coted with 0.6 pm Al film using sputtering technique.

4.4.6. Fabricating SPR Devices:

Fabricating subwavelength metallic hole arrays at THz frequencies is more
amenable and easier than fabricating subwavelength metallic hole arrays at optical
and microwave frequencies, which necessitate the use of e-beam lithography or
focused ion-beam (for subwavelength optical devices) and mechanical techniques
including printed circuit board milling (for subwavelength microwave devices) 34 38
39. At THz frequencies, the subwavelength metallic aperture arrays are fabricated
through traditional micro-fabrications techniques, such as thin film deposition

approaches, standard photolithography, as well as wet and dry etching techniques

38,42,45,

Mask I: concentric ning

Mask II; eve with circular (top row) and bow-tie (bottom) shape
3 3 J v v

*

Figure 4.14. Mask design for the Bull’s eye structure.

The fabrication of the bull’s eye structure has been performed by conventional
chemical etching techniques into stainless steel foils to form the annular rings and

milling of the aperture on the centre of the rings' structure 3137 44,

The fabrication has been performed in the Giga-to-Nanoelectronics Centre (G2N)

at University of Waterloo.

84



4.4.6.a. SPR Device on 5 mm Quartz Wafer:

The SPR device on 500 pm quartz wafer was fabricated by depositing 250 nm Al
film using electron beam physical vapor deposition (e-beam deposition) ¢° [see
Figure 15]. The deposition process took place under pressure of 10-¢ Torr and the
deposition rate was 2 angstrom/minute with e-beam power ranging from 15 to 16
W. Next, the Al film was treated using Oz plasma to promote the adhesion of ARC to

the Al surface.

250 nm Al.

Deposit Al Spin coat ARC

— T Align the l
mask, and
expose.

Protoresist R Protoresis: G

xsar'nAI zsonmAl

Development Exposei line Spin coat photoresist

l

Photoresist
ARC
250 nm Al 250 nm AJ
5 mm quartz wafer 5 mm quartz wafer 5 mm quartz wafer
Dry etching ‘Wet etching Remove photoresist

and ARC

Figure 4.15. Schematic diagram of the fabrication steps.

Anti Reflection Coating (ARC) was spun on the Al film by utilizing the spin coating
approach 5% as protection from the developer AZ 300MIF, which was used to develop
a photoresist. Owing to the poor adhesion of the Al to quartz wafer, AZ 300 MIF
attacked the Al film by peeling. Although the peeling of the Al film was slow, it was
necessary to apply a protective layer due to the very thin Al layer. A high
acceleration and spin speed in order of 2000 rpm for 40 sec was performed on the

ARC film after dispensing the ARC into the whole wafer. Following the spin coating
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process, the ARC layer was baked at a high temperature of 180 °C for two minutes to
fasten the curing time for the ARC. The ARC thickness was 1 pm, which was found by

applying the Dektak to determine the etching rate.

Negative photoresist nLOF 2035 was spun on the ARC layer by utilizing the same
conditions of baking the photoresist for 1 minute at 110 °C to drive off the excess

photoresist solvent in preparation for the UV exposure.

Exposing the negative photoresist was achieved by using the photolithography
technique. The wafer was placed under the SPR mask, which was used to transfer
the array of circular holes with a diameter of 100 um and a period of 200 um into

the photoresist. The exposure time was 3 sec using the i line at contact mode.

Since the photoresist was negative, the photoresist was baked for 1 minute at 110
0C to form crosslinking in the exposed area, thus making it insoluble in the
developer. This process, which is known as Post Exposure Baking (PEB), is usually
applied for negative photoresist. Development was carried out using AZ 300MIF

developer to transfer the SPR pattern to the photoresist.

Transferring the hole arrays into the Al layer was accomplished by the wet-
etching technique after transferring the pattern into the ARC using dry etching for 2
minutes under the following conditions: 20 sccm Oz flow, 20 W RF, and 20 mTorr.
Phosphoric Acetic Nitric (PAN) etcher was prepared and used for Al etching. To
accelerate the speed of etching, the PAN was heated to between 40 to 45 °C,

resulting in etching of the Al layer in 1.5 minutes.

Finally, the wafer was dipped into AZ Kwik stripper at 60 °C for 2 minutes to take
off the photoresist layer which was protecting the Al film. The ARC layer was etched

away by using the RIE under the above conditions.

4.4.6.b. SPR on 5 mm Thick High Resistive Silicon:

Two SPR devices were fabricated on top of 5 mm thick high resistivity Si wafer.

The SPP apertures arrays were patterned on 500 nm Al film and 1000 nm Al doping
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ZnO (AZO) film [see Figure 16]. The fabrication processes for both materials were
tantamount with each other, yet the deposition techniques and the solvents for the

wet-etching step were different.

E-beam evaporation was utilized to deposit the Al film under the above
conditions. The PECVD was used to deposit the AZO film using the following

conditions: power 100w, pressure 2ZmTorr, Temp 250°C, and Ar gas for 1H.

Spin coating positive photoresist S1813 with 2000 rpm acceleration and spin
speed for 40 sec was applied to both wafers which were then baked at 110 °C for 1
minute. Note that the ARC film was not coated on the Al film because the exposed
areas would have been removed after developing, leading to the exposure of the Al
areas, which were supposed to be etched away to transfer the patterns into the Al

layer. Therefore, there was no need to protect these areas.

500 nm Al,

O’ 1ooo nm Photoresist _
500 nm A,
or 1000 NM
AZO.
5 mm high resistivity Si 5 mm high resistivity Si 5 mm high resistivity Si
Deposit Al Spin coat ARC
Algn the I —
mask, and
expose.
500 nm Al,
or sooo nm Photoresist
—— o
or 1000 NMm
AZO.
5 mm high resistivity Si 5 mm high resistivity Si 5 mm high resistivity Si
Wet etching, and remove Development £xpose h line

the photoresist

Figure 4.16. Schematic diagram of the fabrication steps.

After aligning a mask which was designed for a period of 320 um with square
holes of 150 pm side length, the h-line was used to transfer the patterns from the

mask into the photoresist with 3.5 sec exposure time.

The same above developer was used to transfer the pattern into the photoresist
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layer; the developer dissolved the exposed regions, while the unexposed areas
remained to protect the Al and AZO film during the wet etching process. The Al was
etched as mentioned above by PAN. HCL solution was prepared and used to etch the

AZO0 film. Etching the AZO film took 2 minutes.

Finally, the remaining photoresist used as an etching mask was removed by

acetone.

4.4.6.c. Bull’s Eye Structure SPR:

Figure 4.17. Schematic diagram of the fabrication steps.

It was challenging to fabricate the bull’s eye structure lithographically on 600-
nm-thick aluminum film deposited on silicon substrate, which to the best of the
authors' knowledge has not been done before. Difficulties were imposed on spin
coating the photoresist such as S1813 onto a surface containing grating with height
of approximately 25 pum. Various attempts were performed with the aim of
uniformly spin coating the S1813 for a second exposure step. Before describing the
attempts at resolving this issue, the fabrication processes should be introduced [see

Figure 16].
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Negative photoresist SU-8 2015 5152 was applied into 5 mm high resistivity Si wafer.
The spin coating, baking, exposure, and PEB and development conditions are
illustrated on Table 1. Tackling SU-8 2015 photoresist was challenging due to three
reasons: first, the baking and PEB temperature had to be precisely 95 °C during the
entire baking time; second, the exposure time had to be sufficient, otherwise the
patterns would fall off during the development time; third, SU-8 2015 was difficult
to remove once it was patterned into the substrate, if any errors occurred during the
device fabrication. However, SU-8 2015 provided a thick high aspect ratio structure
in the order of 10:1 exposed by the inexpensive conventional photolithography.
Since SU-8 2015 adheres well to the Si substrate in order of 53 Mpa 5152, and it is
transparent to THz frequency, it has been chosen for use as a structure layer in the
bull’s eye device. A test pattern was run to examine the resolution of SU-8 2015

resist.

THE EXPERIMENT CONDITION
1 Coat SU 8 -15 for 40 sec at 2000 rpm,

bake for smint at 95 C, exposure for 4

sec, PEB fors mints at 95 C,

development for smint.
2 Coat SU 8 -15 for 40 sec at 2000 rpm,

bake for smint at 95 C, exposure for 6

sec, PEB fors mints at 95 C,

development for 5 mint.

3 CoatSU 8 -15 for 40 sec at 2000 rpm, WORK
bake for smint at 95 C, exposure for 8
sec, PEB fors mints at g5 C,
development for 5 mint.

Table 4.1. SU-8 2015 spin coating, baking, exposure, PEB, and development conditions.

600 nm Al film was sputtered at deposition rate 6.74nm/minute on top of the SU-
8 2015 ring structures utilizing DC magnetron sputter deposition technique, which
is classified under a physical vapor deposition approach. The deposition conditions
were performed under low pressure 5.7 E-7 mTorr to alleviate the incorporation of
argon (Ar) atoms into the Al film, acting as nucleation sites for the grains resulting
in stress, small grain size, and high electric resistivity ¢¢. Next, bull’s eye structures
were supposed to be lithography transferred to Al layer in the middle of the ring
structures. However, due to the annual ring structures, protecting the Al film from

the wet etching was not achieved. In other words, the photoresist which was used as
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an etching mask did not prevent the Al layer from being etched from the SU-8 2015

structures. To achieve this protection, the following attempts were utilized.

First, the S1815 photoresist was spin coated on the Al film covering the annual

ring structure by:

1- O treatment to the Al layer was followed by spin coating the S1815 to
enhance the adhesion; this spin coating was performed under low speed in
order of 500 rpm for 40 sec.

2- After O; treatment to the surface, the photoresist S1815 was dispensed on
one side of the wafer and allowed to flow towards the other side by tilting
the wafer. The S1815 was left on the wafer for a few seconds and spun using
different speeds of 1000, 700, and 500 rpm for 30 sec.

3- Exposing the S1815 was performed directly after dispensing the S1815 onto

the treated surface with Oz plasma without spinning.

Bull’s eye structures were lithographically fabricated on Al film between the ring
structures. These attempts were unsuccessful because the Al covering the ring

structures were etched away following PAN etching.

Second, planarizing the surface of the annular ring configurations was proposed
to resolve the above issue. This was achieved by preparing a thick layer of PMMA
dissolved in chlorobenzene and spinning it on the annular ring structures.
Metalizing of the PMMA surface was achieved by evaporating Cr or SiOz on the
PMMA film, or coating UV nano-print resist, which was used as a robust surface of
the bull’s eye lithography. Covering the PMMA surface was implemented to transfer
the bull’s eye structure into the metal or the UV nano-print resist surface, PMMA,
and then the Al surface. The SiO; and the UV nano-print resist were excluded
because they did not work experimentally due to cracking of the SiOz and the UV

nano-print resist during the curing steps for the S1815.

Planarizing the surface of the annular ring configurations with the PMMA/Cr was

successfully achieved. Bull’s eye structures were patterned into the 50 nm thick Cr
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film and then transferred to the Cr layer through wet etching. Finally, RIE etching for
PMMA and Al was carried out and the bull’s eye structures surrounded by the

annular ring configurations with height of approximately 25 pm was acquired.

However, due to the long period of etching for the PMMA layer using Oz gas,
residues were observed in the Si substrate in the bull’s eye regions. At first, it was
supposed that the wet etching for the Cr was not performed properly. The
fabrication steps were performed many times by using new Cr etcher solution,
changing the etching time, or changing the deposition rate for the Cr, yet the same
residues were observed. The literature was investigated in terms of transferring
pattern through dry etching as the second assumption for generating these residues.
It was noted that Tsuji et al. recorded similar observations while transferring nano-
imprinted grating patterns to distribute feedback laser diodes (DFB LDs) [see
Figures 17] 57. These residues are formed in reaction to Si-containing resin and
oxygen since 0 is exclusively supplied as the etching gas 7. Three methods have
been proposed to resolve this problem; however, these were not utilized >7. Instead,

we considered changing the fabrication process for the aim of simplicity.

0.2 0.4 0.6 08 keV
(b) EDX spectrum of resin residues area

(a) Top view 0_\ o o ]
0.2 0.4 0.6 0.8 keV
(c) EDX spectrum of no residues area

Figure 4.18. (a) SEM images for the resin residues, (b) and (c) EDX spectrum for the area with and
without resin residues 31.

Third, lithography transfers the bull’s eye structure into the 300 nm thick Al film
sputtered into 200 pm thick Si wafer. Instead of using thick Si wafer in order of 5
mm thickness, a very thin wafer was used, with the “eye” structure etched through

the wafer using deep silicon etching by reactive ion etching (RIE). The cost of using
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the expensive thick Si wafer was reduced in applying this technique by using the

thin Si wafer as well as the complicity in the fabrication processes was avoided.

Deep Si etching is well established in the literature through the application of
two major techniques: cryogenic process and Bosch process 53-65, The former
technique has been performed by etching the Si anisotropy using SFs gas under low
temperature 6. Comparatively, the latter technique applies SFs gas with flowing
Teflon C4Fg gas in a cycle to reduce the effect of the SF¢ natural isotropic etching
through passivation of Si sidewalls 53,6265, The same result can be accomplished by
mixing a specific percentage from O; gas with SF¢ % 56.60-65 Qxygen gas has been
utilized to etch Si with SFs for two reasons: to increase the etching rate and to

produce anisotropic fluoride based etching 55 56, 60-65,

The deep Si etching was performed through bull’s eye structures by
implementing the Bosch approach. At the same time, a reliable RIE recipe was
established by using a mixture of SF¢ and Oz plasma as well as CF4 and O for etching

nano-features [see Figure 18 and 19].
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Figure 4.19. The effect of ICP (inductively coupled plasma) power on the Si etching rate (on the left).
The Si etching rate increases with increase the ICP power because electromagnetic field generated by
inductive coupling coil can sustain electron cycling movement in plasma for a long period, which has
greatly increased ionization probability ¢3. The influence of the addition of O, gas into the SF¢ plasma
on the etching rate and the etching profile of Si >3 56.60-65 The Si etching rate increases with the
addition of 17 % 0> to SF¢+0; plasma because Oz ions create high voltage leading to increase the
etching rate, yet increasing the concentration of 0, gas behind 17% from the total gases
concentration in the plasma yields in decreasing the etching rate of Si due to the dilution of F*
radicals in the plasma 35 56, 60-65 The RIE recipe was used: 200 V DC, 300 W ICP, 100 mTorr, 60 sccm
SFs with varying the flow of 0, gas: 0, 5, 12, 17, 23, 30, 40 sccm.
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After etching approximately 135 um with an etching rate of approximately 2.5
pum/minute, the wafer was etched from the backside to thinner the wafer and to
open the bull’s eye apertures to avoid losing the bull’s eye features. The annual ring
structures with 25 pm height was lithography patterned into the wafer which

already contained the bull’s eye holes and was metalized by sputtering 600 nm Al.

Si etching rate um/mint

0 0 20 30 40 50 Lo

02/SF6+02

Figure 4.20. The effect of the addition of O gas into the SF¢ plasma on the etching rate and the
etching profile of Si. Here the RIE recipe was changed because we want to use less DC and ICP power:
150 VDC, 200 W ICP, 200 mTorr, 60 sccm SFe¢, 0, 5,12, 15,17, 23, 30, 40, 50 sccm O».

4.4.7 Result and Discussion:

4.4.7.a. Theory of THz SPP on Al Substrate Patterned with Periodic Hole

Arrays and Numerical Simulations of SPR Structure:

I | |

! 2 3
t= oup/v

Figure 4.21. Curve A illustrates the reduction in the interaction probability of the EM waves and the
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PS waves as the metal thickness goes down, Curve B depicts the probability for loss at low PS
frequencies 32.

Regarding the equations 5 and 6 in chapter 3, the permittivity of the metal
surface becomes positive if the frequency of the incident EM waves are at lower
frequencies. Essentially, THz frequency and the SPP will not form under this
condition 3% 38 48,49 However, in 1957, Ritchie proved that the SPP propagation on a

Ws

thin film of metal has resonant frequencies ranging from 0 to % due to the small

thickness of the metal film, resulting in broadening the frequencies range which can
excite SPP waves [see Figure 20] 48. The Al film has a very large permittivity at THz
frequency, which is €4) = —3.3 X10* + i 6.4 x105; i is used to denote the imaginary
part of the Al permittivity, which leads to the approximate wave number of the SPP

in the terahertz region as 3> 42;

kspp = kO\/E_d (6)

The coupling condition of the SP in the periodic hole arrays has been counted as a
form of 2-D grating yielding suitable tuning of the in-plane momentum to excite

SPPs, even under normal wave incidence 35 38 42;

Kspp = Ko £ mk, + nk,  (7)

spp

Where Ko is the component of the incident wave vector in the metallic (Al) film
plane which is equal to 0 at normal incident, ky and ky are the array (grating)
momentum wave vectors with (|kx| = |ky| = 2/P), P is the period of metallic array,
and m and n are the integers corresponding to the modes 35 42. This equation
demonstrates that for a given SPP wave vector, the SP wave vector has to match the
in-plane momentum wave vectors in order for the resonant coupling to take place

42 The wavelength of the SPP excited by the array is given by 35:
P
}\resonance = ﬁ\/s_d (8)

As described in Chapter 3, two THz pulses propagating through air and sample,

respectively, are recorded and their spectral amplitudes and phases are compared:
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Es(w)/Es(w) =T (w)e ¥ (@)

The theoretical SPP resonance frequencies in the THz range are determined for
the metal-silicon modes and metal-air modes with period of 320 um. The calculated
SPP (m, n) resonance frequencies for the metal/air interface and mode (0,+1) is
0.9375 THz, for the metal/silicon interface and mode (0, +1) is 0.2743 THz, and for
metal/silicon interface and mode (+1,+1) is 0.3879 THz. The measured refractive

index of PMMA in the THz range is n = 1.4359.
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Figure 4.22. The high-resolution comparative phase change in radians for the SPR sensor on quartz
wafer with PMMA layer on it. The hole array has diameter of 100 pm and period of 200 pum.

In order to determine the theoretical value of SP resonance with a thin layer of
PMMA such as in Figure 13, we conducted Electromagnetic (EM) simulations to find
the SP resonance frequencies and corresponding field distribution. We employed an
eigenvalue solver in HFSS ¢7 to simulate the array of 100 um diameter holes with
period of 200 pm and a layer of 1.57 um layer of PMMA. One unit cell of the periodic
structure was modeled in HFSS and periodic boundary conditions were applied to
the unit cell and measured refractive index of npmma=1.436 used in the simulation.

The theoretical value for the Metal/Air interface mode (0, +1) for period of 200 pm
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is 1.5 THz. As PMMA layer is deposited on it the SP resonance frequency shifts based
on thickness and refractive index of PMMA. The measured Metal/PMMA-Air mode
(0,£1) is 1.4870 THz where it is seen as a phase change sharp peak in Figure 21, and
the HFSS simulated SP resonance frequency was 1.4878 THz. Figure 22 shows the
Ez electric field distribution above the metallic array with layer of PMMA on it. The
aluminum metallic layer is 250 nm. The measurement results match

electromagnetic simulation results.

E Field[V_per_m
2.0249e-001
1.8979e-001
1.7719¢-901
1.6459¢-001
1.5198¢-901
1.3938e-001
1,2677¢-001
1.1417e-001
1.0157¢-001
8, 8964e-002
7.6360e-002

6. 3756e-002

5.1152e-002
3.8549¢-002
2,5945e-902
1.3341e-002
7.3753¢-004

Figure 4.23. The Ez electric field at the metal/PMMA-air interface for mode (0, +1) and circular hole
with diameter of 100 pm and period of 200 pm on quartz substrate.

4.4.7.b. Experimental Results:

The theoretical SP resonance frequencies in the THz range are determined for the
metal-silicon modes and metal-air modes with period of 320 um. The calculated SP
(m, n) resonance frequencies for the metal/air interface and mode (0,+1) is 0.9375
THz, for the metal/silicon interface and mode (0, +1) is 0.2743 THz and for

metal/silicon interface and mode (+1,+1) is 0.3879 THz.
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Based on the sharp phase peaks centered on the SP resonance modes, the
measured SP (m, n) for the case with and without PMMA are found from Figures 23
and 24. The measured SP resonance for the metal/air interface without PMMA layer
is 0.9431 THz. The measured SP resonance frequency for Metal/PMMA-Air and
mode (0, +1) is 0.9211 THz with 2 pm layer of PMMA on SPR device. The measured
SP resonance for the metal/silicon interface was 0.2765 THz for mode (0, +1) and
0.3864 THz for mode (*1,+1). The measurement results confirmed the theoretical
SPR frequencies for metal-silicon mode and demonstrate a shift to 0.9211 THz due

to 2 um of PMMA layer on the surface.

0.55 T T T T T T T T T T T T T T T T T

——SPR LP-150-320 with PMMA layer
== =SPR LP-150-320 without PMMA layer | |
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Figure 4.24. Spectra of the measured transmission magnitude of the signal pulse compared with the
reference pulse for square 150 um x 150 um hole arrays with period of 320 pm. The transmission
magnitude is shown without PMMA layer (dashed line) and with PMMA layer (solid line).

Table 2 shows the comparison of SPR frequencies for device with and without
PMMA for square holes with length of 150 pm and period of 320 um. The values
were obtained from measured phase change peaks and transmission magnitude of

Figure 23 and Figure 24.
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Figure 4.25. The comparative phase change in radians for the 150 pm x150 pm square metallic hole

arrays with period of 320 um. The SP resonance frequencies occur at sharp peaks of the phase

change.

Interface Mode Theory (THz) Measured (THz)
Metal/Air 0,1) 0.9375 0.9431
Meta/PMMA-Air 0,1) 0.9211
Metal/Silicon 0,1) 0.2743 0.2765
Metal/Silicon-PMMA 0,1) 0.2743 0.2765
Metal/Silicon 1D 0.3879 0.3864

Metal/Silicon-PMMA LD 0.390
*PMMA Thickness is 2 pm

Table 4.2. Comparison of SPR frequencies for device with and without PMMA for square hole array
with side length of 150 um and period of 320 pm.

4.5. Conclusion:

We present the use of Terahertz (THz) SPR near-field sensor to characterize
materials such as PMMA and those used in organic light emitting diode (OLED). The
SPR devices contain either 2D periodic circular or square hole array in 500 nm Al
on an 5 mm-thick intrinsic silicon or quartz substrate, or the Bull’s eye structure
and was fabricated by photolithography and wet etching. For THz spectrum
measurement, the SPR device with and without thin (PMMA) film on it is placed at
the focus of the THz beam in transmission THz Time Domain Spectroscopy (TDS),

where the spectrum is obtained from the Fourier-transformed sample and reference
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THz pulses. To avoid overlap with water absorption lines, the optimal SPR device
design has a period of 320 um and square holes of 150 um side length. The
theoretical SPR frequencies in the THz range are determined for the metal-silicon
modes and metal-air modes (0.9375 THz for mode (0, +1)). The measurement
results confirmed the theoretical SPR frequencies for metal-silicon mode and

demonstrate a shift to 0.9211 THz due to 2 um of PMMA layer on the surface.
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