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Preface

The recent advance in terahertz (THz) technology, which exploits the electromagnetic radia-
tion spectrum between 0.1 and 10 THz, has generated intense interest in its application in a
vast array of fields. Current applications of terahertz encompass nanotechnology, cancer
therapy, quality control, pharmaceutical analysis, and material characterization, among
many others.

This book, Terahertz Spectroscopy - A Cutting Edge Technology, focuses on the state-of-the-art
research in terahertz spectroscopy and imaging and their application in different fields of
study. Up-to-date innovative techniques for the generation, manipulation, and detection of
terahertz radiation are also presented and discussed in this book.

This volume contains a wide variety of topics including the application of terahertz in medi-
cine, spectroscopy, superconductors, metamaterial, remote sensing, and nanotechnology.

We (InTech publisher and editor) also owe our gratitude to the experts who gave much of
their time and expertise in determining the scientific merit of the chapters submitted to this
special book.

Dr. William Ghann, postdoctoral fellow, Center for Nanotechnology, Coppin State University,
helped greatly with the review of chapters in thisbook, and I really appreciate his critical work.

Dr. Jamal Uddin

Professor of Chemistry

Founding Director, Center for Nanotechnology
Department of Natural Sciences

Coppin State University

Baltimore, Maryland, USA
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Chapter 1

Terahertz (THz) Spectroscopy: A Cutting-Edge
Technology

William Ghann and Jamal Uddin

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/67031

1. Introduction

Terahertz (THz) represents the portion of the electromagnetic radiation between the micro-
wave and the infrared region as displayed in Figure 1. It is within the frequency range of
0.1-10 THz, corresponding to wavelengths of radiation from 3000 to 30 um. Terahertz radia-
tion is also known as terahertz gap, terahertz waves, T-waves, terahertz light, T-light, or T-lux.
This form of electromagnetic radiation is less known, due to the limited access to technology
for generating and detecting radiation [1]. There are a number of reviews on the different
technologies for generating and detecting terahertz [2, 3]. Terahertz waves are nonionizing,
noninvasive, and penetrable to many materials with a depth of penetration lower than that
of microwave radiation. Terahertz radiation also tends to be very sensitive to various kinds of
resonances such as vibrational, translational, rotational, torsional, and conformational states,
enabling it to provide information on molecules that are inaccessible with other analytical and
imaging techniques. These unique characteristics make them suitable for identifying, analyz-
ing, or imaging a variety of materials.

Unlike Raman and Infrared spectroscopy, the development of techniques for generating,
manipulating, and detecting terahertz radiation is still in its early stages. Although terahertz
radiation was deemed suitable for imaging and other applications, technologies to harness
such capabilities were practically nonexistent [4]. On one hand, high terahertz frequencies
do not lend themselves to be estimated with electronic counters employed in the detection of
optical waves; instead various properties of wavelength and energy are harnessed to charac-
terize terahertz radiation [5]. On the other hand, at such higher frequencies electronic devices
utilized in generation and manipulation of radio waves and microwaves become less efficient.
Thus with the exception of the terahertz gap, technology for the generation, manipulation,
and everyday application of a vast majority of the electromagnetic spectrum has been devel-
oped. Significant progress made in terahertz technology has led to an increase in the different
types of terahertz instrumentation available on the market with application for diverse fields.
This review focuses on the generation, characterization, and application of terahertz radiation.

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN
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Figure 1. Frequency and wavelength regions of the electromagnetic spectrum.
2. Generation and detection of terahertz radiation

A typical terahertz system, in a majority of cases, consists of a source, components, and a
detector. Some terahertz system may possess two or more of these components. A terahertz
source generates a wide range of terahertz radiation; components such as lenses, mirrors, and
polarizers manipulate the radiation; and a detector measures the radiation reaching it. R. A.
Lewis list six main types of terahertz sources [6]. These include thermal [7, 8], vacuum elec-
tronic [9-11], solid-state electronic [12, 13], lasers [14, 15], sources pumped by lasers [16, 17],
and mechanical-excitation types of terahertz radiation sources [18, 19]. Sources pumped by
lasers employ either continuous or pulsed lasers. We will discuss the generation of terahertz
radiation using a source pumped by continuous-wave (CW) diode lasers using an electro-optic
dendrimer. In this method, an electro-optic dendrimer generates terahertz radiation through
the difference-frequency technique (DFG). Rahman et al. pioneered work on the generation
of terahertz radiation using this technique. The technique uses two continuous lasers to pump
an electro-optic dendrimer emitter to give a combined pump power capable of generating a
stable terahertz radiation from 0.1 THz to approximately 10 THz at room temperature.

Dendrimers are highly branched synthetic polymers composed of a central core, a treelike
interior structure, and an external surface decorated with functional groups. Dendrimers
have nanoscale dimensions and are radially symmetric molecules. The size of a dendrimer
is dependent on its generation or the number of concentric shells around the core; the higher
the generation, the larger the size. Their unique structure and size make them suitable for a
variety of applications including their use as drug delivery agents, imaging agents, solubiliz-
ing agents, and radio-ligands. An electro-optic dendrimer has the capacity to generate tera-
hertz radiation [8, 20]. When the structural features of dendrimers are carefully manipulated,
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the optical and electro-optic properties of the functional groups at the periphery of the den-
drimers are enhanced in a very controlled manner. Dendrimers are able to form self-assem-
bled multilayers. The thickness of such multilayer assemblies can be adjusted by controlling
certain parameters such as the number of concentric layers or generation of the dendrimer.
The surface and solution chemistry also affect the thickness of dendrimers.

Dendrimer dipole excitation (DDE) is the mechanism for the creation of the electro-optic den-
drimer. Electro-optic properties are critical for applications that normally rely on nonlinear
optical parameters such as electro-optic coefficient (EOC), and the second-order susceptibil-
ity, x®. A third-generation dendrimer (Figure 2a) undergoes chromophore doping and poling
to become an electro-optic dendrimer with high second-order susceptibility x® and a high
electro-optic coefficient. A high x® is essential for both the up conversion and the bandwidth.
The chromophore poling optimizes the dipole alignment of dendrimer film. There are a num-
ber of poling techniques including corona poling, optical poling, contact electrode poling, and
photo-assisted poling. The electro-optic coefficient (r,;) is deduced from the difference in the
refractive index (An) of poled and unpoled electro-optic dendrimer in accordance with the
Pockel's law as shown in Eq. (1), where Eis the poling field

|An| = zn°r E (1)

The electro-optic coefficient of dendrimers is significantly higher than inorganic crystalline
materials since the second-order susceptibility is proportional to the relative electric constant
(¢) and 7., as shown in Eq. (2):

X? 821’33 2)

As displayed in Figure 2(a), dendrimer doping creates a dipole moment (u) distribution of
charge (Q) carriers in the dendrimer such that the equation for dipole moment ( i = gl) is
adjusted to u(r) = QI(r). The separation (I) between the negative and positive charge centers is
therefore a function of the coordinate, I(r), of the charge centers. Figure 2(c) shows a schematic
of the possible energy levels in an electro-optic dendrimer molecule that has undergone dop-
ing and poling.
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Figure 2. (a) Molecular structure of the third-generation dendrimer and interaction geometry for difference generation;
(b) energy-level diagram of difference-frequency generation; (c) probable energy-level diagram in dendrimer molecule
resulting from chromophore doping and poling. Adapted with permission from Ref. [20].
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Difference-frequency generation (DFG) is used to generate terahertz radiation from the elec-
tro-optic dendrimers by a nonliner polarization as illustrated in Eq. (3).

P(o,-w,) = 2X?E,E; 3)

where E, and E, are the field strengths, @, and w, are the frequencies of the input lasers.
Figure 2 displays the energy-level diagram of the difference-frequency generation (panels
a and b). Every photon created at the difference-frequency (Eq. (4)) requires the destruction
of a photon at a higher input frequency (w,) and the creation of a photon at the lower input
frequency (w,) to meet the requirements for energy conservation:

W, = W~ 4)

A terahertz source generates the radiation, which goes through various components and
reaches the detector. There are many methods used to detect terahertz radiation. The elec-
tro-optic sampling method of terahertz detection will be discussed in this section. Electro-
optic sampling relies on the linear electro-optic effect, also known as the Pockel's effect. In
the Pockel's effect, an externally applied electric field modulates the birefringence of an elec-
tro-optic material [17]. Typical components of this detection system include an electro-optic
medium, a broadband quarter-wave plate, a Wollastron prism and differential detectors.
When terahertz waves reach the detector, the incident THz pulse induces a birefringence in
an electro-optic medium, which is proportional to the electric field of the pulse. The change
in polarization state of a probe near-infrared probe pulse is measured with varying birefrin-
gence. The terahertz electric field can be mapped by measuring the degree of polarization
rotation as a function of the delay between the terahertz pulse and the near-infrared probe
pulse [17].

3. Applications of terahertz technology

The aforementioned distinctive capabilities of terahertz waves have been exploited in a pleth-
ora of applications in sensing and imaging. These applications of terahertz radiation are uti-
lized in a variety of fields such as spectroscopy, photovoltaics, medicine, security screening,
pharmacy, quality assurance, dentistry, communication, and astronomy (Figure 3).

3.1. Spectroscopic analysis

Terahertz has been used for the spectroscopic characterization of various materials. The sensitiv-
ity of terahertz radiation to resonances in different molecules has been exploited for the charac-
terization of various compounds. Infrared spectroscopic techniques investigate intramolecular
interactions but terahertz probes are unique in the sense that they probe the intramolecular and
intermolecular interactions and provide information characteristic of a material. Huang et al.
studied the terahertz time-domain spectroscopy of 1,3,5-trinitro-s-triazine. The results showed
an absorption peak at 0.8 THz attributable to intermolecular action. The results were corrobo-
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Figure 3. Examples of application of terahertz radiation (detection of flaws in photovoltaic materials, medical imaging,
screening, pharmaceuticals, quality control, dentistry, communication, and astronomy).

rated with Fourier transform infrared spectroscopy (FTIR) study, which was carried out by the
same researcher for comparison [21]. Upadhya et. al investigated the spectral features of glucose
and uric acid using terahertz time-domain spectroscopy. It was found out that the unique fea-
tures on the absorption spectra of the two biological molecules were as a result of the intermo-
lecular vibrational modes existing in the molecules [22]. Terahertz spectroscopy has also been
used to study the spectral absorption features of methamphetamine, a well-known illicit drug.
Absorption spectra measured from 0.2 to 2.6 THz agreed with experimental data and were
traced to the collective vibrational modes of the compound. Likewise, time-domain terahertz
spectroscopic investigation of 2,4-dinitrotoluene carried out side by side with FTIR measure-
ment of the same compound revealed a better correlation of results of two techniques at lower
frequencies than at higher frequencies. The result obtained experimentally correlated well with
theoretical study showing that terahertz spectroscopy is a powerful tool for studying the low-
frequency modes of several compounds [23]. Other compounds that have been studied with
terahertz spectroscopy include trialanine, short-chain polypeptides [24], and tryptophan [25].

3.2. Terahertz characterization of photovoltaics

We have used terahertz time-domain spectroscopy to obtain spectroscopic information on
dye-sensitized titanium dioxide (TiO,) films used in the fabrication of dye-sensitized solar
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cells [26]. Figure 4 displays the probe setup used for this work. The dyes examined include
two natural dyes, pomegranate and blackberry extract and a ruthenium bipyramidal com-
plex. It was observed that the natural dyes, pomegranate and blackberry, had similar spectral
features, which were different from that of the inorganic dye (rubpy).

In addition to the spectroscopic characterization of photovoltaic materials, terahertz reflec-
tometry is also used to image photovoltaic material for detecting flaws and defects in the
materials that could eventually affect the efficiency of solar cells. To confirm the unique
capability of terahertz reflectometry to detect flaws present on the dye-sensitized TiO, films,
dye-adsorbed TiO, films with size of 25 mm x 25 mm were scanned to examine any defects
in an area of 14 mm x 14 mm. Pomegranate, blackberry, and rubpy dye-sensitized solar cell
electrodes were scanned and with the measurements, 3D images, comparable to scanning
electron microscopy images, were generated. As displayed in Figure 5, the cracks present
in the TiO, films show up as large peaks on the surface plots due to the greater intensity of

Figure 4. A typical terahertz probe setup used for reflectance measurement of photovoltaic materials.
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Pomegranate

Blackberry

Rubpy

Figure 5. Comparison of terahertz surface (a, ¢, and e) plots and 3D (b, d, and f) images of Pomegranate (a and b),
Blackberry (c and d), and Rubpy dye (e and f) sensitized TiO, film coated on FTO glass revealing defects present on
these photovoltaic materials.

reflected light from the exposed glass surface. The magnitude of the peaks correlates with
the size of the exposed surface area. Defects are easily noticeable as they reflect more light.
As displayed in Figure 5, the protruding peaks in dye-sensitized TiO, film are the regions
of higher light reflection occurring at the center of the 25 mm x 25 mm dye-sensitized TiO,
film. These defects are partly attributed to the dye application and partly due to the lack of
uniformity of the layer of TiO, on the glass substrate. The results demonstrate the unique
defect detection capabilities of terahertz reflectometry. Terahertz reflectometry is therefore
well suited to detect flaws and malfunctioning areas of solar cells.

Tiwana et al. used optical-pump terahertz to investigate the photo-induced conductivity
dynamics of the semiconductor, titanium dioxide film, used in making the photoanode of
dye-sensitized solar cells. In preparation of photoanode of dye-sensitized cell, a mesopo-
rous titanium dioxide film is sensitized with the dye of interest. Upon absorption of radi-
ant light, the dye molecules get excited to higher energy levels where they inject electrons
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into the conduction band of TiO,. The injected electron travels through the mesoporous
titanium dioxide layer to an external circuit via a conductive glass layer. The photoconduc-
tivity of the dye before and after dye adsorption was examined using the terahertz. The dye
employed was a ruthenium bipyramidal complex. A biphasic charge injection with an initial
sub-500 fs fast component and a slower 70-200 ps rise component was observed. Terahertz
spectroscopy was also used to analyze the effect of TiCl, on the overall performance of the
solar cell [27]. Similar work has been carried out by Nemec et al. where ultrafast studies
were carried out on terahertz photoconductivity in nanocrystalline mesoporous titanium
dioxide films. The transport of excited electron though the titanium dioxide film, prepared
by the “brick and mortar” technology was enhanced upon calcination [28]. In addition to
the studies involving the transport of excited electrons through the mesoporous titanium
films, time-resolved terahertz spectroscopy has also been used to study the dynamics of
interfacial charge transfer state and carrier separation in dye-sensitized solar cells [29].

3.3. Quality control

The role of quality inspection in industry cannot be overemphasized, and various tech-
niques and methods are constantly being explored for the use in the quality control of
various products. Terahertz time-domain spectroscopy has been used as a powerful tool for
the analysis and characterization of various products. Rutz et al. utilized this technique in
the evaluation of various polymeric compounds including a polyethylene compound with
silver-coated titanium dioxide nanospheres and a glass-fiber-reinforced epoxy composite
[30]. The water content in various materials could be estimated using terahertz radiation.
Terahertz radiation is not transparent to water, and the attenuation of water to terahertz
radiation has been exploited for quality control in the production of paper [31]. The humid-
ity level of papers is evaluated using terahertz spectroscopy. In addition to the amount of
water in papers, terahertz can also be used to assess the thickness and mass of paper. The
ability of terahertz to measure the moisture or humidity in substances has been exploited
in determination of the moisture content in leather as well as the thickness of the leather
[32]. Various food processes have also been monitored using THz spectroscopic and imag-
ing techniques [33].

3.4. Pharmaceutical applications of terahertz

Terahertz technology is exploited in the pharmaceutical industry owing to the uniqueness of
its properties [34-36]. THz waves have the unique capability of penetrating different kinds
of materials, which are usually not transparent to other forms of electromagnetic radiation.
Some of the applications of terahertz in pharmaceutical industry include the identification
and quantification of polymorphic forms or hydrates of new active pharmaceutical ingredi-
ents. This characterization makes it easy to optimize the stability, the bioavailability, and the
production of drugs [3]. Russe et al. have used terahertz pulse imaging (TPI) for the quantifi-
cation of the coating and thickness of coated pharmaceutical tablets. X-ray Microtomography,
the traditional tomographic technique commonly used for the analysis of tablet coating, was
used to validate the results of the terahertz pulsed imaging of the tablet coating. Figure 6
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depicts the results of the measurements of coating thickness of the coated pharmaceutical
tablets comparing terahertz pulsed imaging to X-Ray Microtomography [37].
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{5 min for S0 image, vins sagie-point measuremend in B ms) E = 15 el Bhd procaiing lime) i
o 1 a0 3
Ea E E
-3 ok B 180
b == '“-'E - . 120
4 3 5 o e
2q, -4 100 -z E
¢4 g 2 0 2 - e TR | we

e al o i mm

Figure 6. 3D maps of coating layer thickness (top) and surface refractive index (bottom) for a biconvex tablet. (Reprinted
from http://thz.ceb.cam.ac.uk).

3.5. Medical applications of terahertz technology

The last couple of decades have seen the development of new terahertz techniques for
imaging and sensing purposes. Like X-ray, terahertz radiation is capable of generating two-
dimensional images of different kinds of objects owing to the fact that terahertz waves travel
through certain materials such as semiconductors and plastics but are not transparent to
others such as metallic and polarizing materials. Terahertz waves are preferable over X-rays
for medical imaging since they are nonionizing and to a large degree harmless to the recipi-
ent. Terahertz waves are currently under investigation for use as an imaging modality to
visualize cancerous tissues. According to the American Cancer Society, cancer is the second
leading cause of death in the U.S., second only to heart disease, and accounts for nearly one
in every four deaths. Early detection could mean the difference between life and death for
many patients but there is a shortfall in the current imaging techniques. New terahertz spec-
troscopic studies on cancer could potentially provide novel techniques for the early detection
of the disease. In fact, there has been a steady increase in the number of studies demonstrat-
ing the potential use of THz radiation for the imaging and detection of skin tissues and
cancerous cells [20, 38-40]. Since terahertz radiation is readily absorbed by water and other
polar liquids, the method lends itself well to imaging most organic tissue [38]. Water has
intense absorption in the terahertz portion of the electromagnetic spectrum and with the

11
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concentration of water in cancerous cells significantly different from that in healthy cells, the
variation in the water absorption of terahertz radiation becomes the basis of differentiation
of normal cells from cancerous cells. Using THz pulse imaging, Woodward et al. were able to
differentiate basal cell carcinoma, a type of skin cancer, from healthy tissues [39]. There have
also been studies on the THz pulse imaging in breast cancer [41, 42].

A great number of biomolecules including DNA/RNA, carbohydrates, amino acids/pep-
tides, proteins, cells, and tissues have been investigated using terahertz radiation [1]. The
low-frequency internal helical vibration of DNA involving hydrogen bond of DNA base
pairs is reflected in the terahertz frequency absorption spectra [43]. Such sensitivity of
biomolecules to terahertz radiation has been utilized for the characterization of biological
materials. Globus et al. used terahertz spectroscopy to probe DNA polymers in which they
were able to prove the dependence of the mode strength on the polarization of the terahertz
field with respect to the molecule alignment and thereby concluded that theoretical model-
ing, combined with measured data, may be used to directly assign vibrational modes to
specific structural features of the macromolecule [43]. Using transmission time-domain
terahertz spectroscopy and continuous wave terahertz imaging, Wahaia et al. were able to
distinguish normal cells from cancerous cells and were, consequently, able to detect colon
cancer [7].

3.6. Dental application of terahertz technology

X-ray imaging is the foremost imaging technique in dentistry. It is the principal tool
employed to monitor caries and plan treatment for braces, dentures, extractions, and
implants. However, X-rays are highly ionizing and frequent exposures are detrimental
to health. Terahertz pulsed imaging (TPI) shows great potential as an alternative imaging
technique in dental diagnosis [44—47]. It is low in energy, nonionizing, and less hazardous.
Unlike other biological tissues with a huge percentage of water with the propensity for
intensive absorption of terahertz radiation, teeth have a relatively low water content, which
makes it convenient to image teeth samples using the terahertz pulsed imaging technique.
Longbottom et al. employed a terahertz pulse imaging technique to perform in vitro experi-
ments involving incisor teeth and concluded that terahertz has the ability to not only identify
caries but also monitor erosion [48]. Using the transmission mode in a developed terahertz
time-domain spectroscopy system, Kamburoglu et al. measured the properties of sliced teeth
section. They analyzed the refractive and absorptive properties of primary and permanent
teeth that were either healthy or had cavities in them and found the technique effective for
characterizing dental structures [49].

Karagov et al. recently demonstrated how THz pulse imaging could be used to detect den-
tal caries [50]. They employed a continuous wave (CW) and time-domain reflection mode
raster scan THz imaging system to carry out 2D and 3D imaging of various teeth samples.
The data were analyzed in both the spatial and frequency domains, and the results pointed
to the sensitivity of terahertz pulse in detecting variations in the structure of teeth samples.
Schirmer et al. conducted terahertz spectral imaging of teeth samples using a real-time tera-
hertz color scanner [51]. To conduct the imaging studies, longitudinally sliced human molar



Terahertz (THz) Spectroscopy: A Cutting-Edge Technology
http://dx.doi.org/10.5772/67031

specimen (Figure 7a) were heated to remove water molecules that could interfere with the
measurements and then imaged to study differences in THz transmission in different part
of the teeth samples. Spectral images of eight samples taken at different frequencies are dis-
played in Figure 7(b).

Position {A) Position (C)
(enamel) {primary dentin
Position (F)
{boundary betwean primary ;
and secondary dentins) Position (E)
{sacondary dantin)
Position (B) ; Position (D)
(enamel) (primary dentin)
(a)

Figure 7. Visible and terahertz image of cavity in human tooth: (a) longitudinally sliced human molar specimen; (b)
spectra images of eight samples taken at difference frequencies. (Reprinted from Markus Schirmer et al. “Biomedical
applications of a real-time terahertz color scanner,” Biomed. Opt. Express 1, 354-366, 2010) [51].

3.7. Security screening

Security screening is one of the most common applications of terahertz technology. Terahertz
does not only give information about the presence of concealed items but also has the capacity
to identify the composition of the materials in question. In recent years numerous investiga-
tions have been conducted on the capability of terahertz to detect explosives at airports and
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other sensitive places [52]. The advantage of terahertz radiation over X-ray, also used for
security screening, is its low energy and nonionizing nature. The ionizing nature of X-rays
makes the regular exposure of it harmful to people. The unique ability of Terahertz waves to
penetrate a wide range of packaging materials makes it possible to detect weapons, explo-
sives, and potentially explosive devices concealed within these materials [53]. Figure 8 shows
a terahertz image revealing a blade (c) and a metallic knife (d) concealed behind a cardboard
and a thick dark cloth, respectively. Packaging materials such as cardboard, paper, plastics,
and leather are all transparent to terahertz radiation.

Figure 8. Security screening employing terahertz radiation: a hidden blade (c) behind a cardboard (a) is revealed with
terahertz radiation; metallic knife (d) hidden behind a thick dark cloth (b) is revealed by the terahertz beam. Picture
reprinted from Applied Research & Photonics, Inc.

3.8. Communication, remote sensing and astronomy

One other application of terahertz radiation is in the area of wireless data communication. The
terahertz portion of the electromagnetic radiation has shown promise as a bandwidth suitable
for data transmission. Ishagaki et al. have designed a terahertz oscillating resonate tunneling
diode that has the ability to transmits signal at 542 GHz with a data transfer rate of 3 Gbit/s.
This type of terahertz WIFI is limited to a region of 30 feet but has a potential to support data
rates of up to 100 Gbit/s.

Remote sensing allows the acquisition of information about materials or locations from a
distance, which could be from an aircraft or satellites. Terahertz spectroscopy is one of the
promising tools for carrying out remote sensing. Lui et al. developed a technique based on
broadband terahertz wave detection for remote sensing with which they were able to detect
coherent terahertz wave at a distance of 10 m [54]. The technique has shown promise for the
measurement of terahertz pulses at standoff distances with minimal water vapor absorp-
tion and unlimited directionality for optical signal collection. Figure 9 shows a schematic
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of this terahertz wave remote sensing technique. The technique exploits the interaction
between induced gas plasma and terahertz waves. Two lasers at different frequencies are
focused at a target to induce gas plasma formation. Fluorescence emitted from the induced
gas plasma is scattered in characteristic ways by the terahertz radiation of the material it
hits. The terahertz wave sensing is then performed from remote distances [54]. The tera-
hertz region of the electromagnetic radiation, furthermore, happens to be a very significant
window for astronomical observation. Submillimeter astronomy is a branch of astronomy
conducted with terahertz radiation providing a wide range of spectral lines useful for the
investigation of many phenomena such as the formation of stars. It also holds spectral
signatures of ions, atoms, and molecules that are necessary for understanding of the com-
position and origin of the Solar System, the evolution of matter in our Galaxy, and the
star formation history of galaxies over cosmic timescales. The utility of these lines, their
examples of the science they deliver, and the detail properties of successful low-resolution
direct detection spectrometers for work in the THz regime have been reviewed by a num-
ber of researchers [55, 56].
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Figure 9. Schematic of the THz wave remote sensing technique (Obtained from Liu, J. et al, Nat. Photonic., 4, 627, 2010.)
[54]. The 2w pulse is generated by passing the fundamental beam through a type I 3-BBO crystal. Both the fundamental
and second-harmonic optical pulses are linearly polarized along a vertical direction. The relative phase change between
the w and 2w pulses is tuned by the lateral translation of fused silica wedges in the optical beam path after the a-BBO.
The two optical pulses are focused by a parabolic mirror (effective focal length, 150 mm) into air to generate plasma. The
time delay ¢, is defined as the delay between the optical pulse peak and terahertz pulse peak. The fluorescence detection
system consists of a UV concave mirror (M1; diameter, 200 mm and focal length, 500 mm), a UV plane mirror (M2), a
monochromator and a photomultiplier tube (PMT). The distance of remote sensing is varied by moving the fluorescence
detection system with respect to the plasma. DWP, dual-band waveplate.
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3.9. Other applications

Metamaterials are materials that are structurally adjusted to interact in a specific way to elec-
tromagnetic radiation. Terahertz spectroscopy is frequently used to characterize metamateri-
als. Metamaterials that are specifically fabricated to interact with terahertz frequencies are
referred to terahertz metamaterials. They are artificial materials that are carefully engineered
to provide a desired electromagnetic response. Metamaterial have a basic lattice structure
composed of rudimentary elements and possess the characteristics of a crystal structure.
These rudimentary elements are relatively bigger in size than atoms or individual molecules.
Metamaterial can be used in making THz metamaterial sensors for the detection of an array
of materials and systems. It has been used for the detection of microorganisms such as fungi
and bacteria with high sensitivity [57].

Terahertz spectroscopy also has the potential to detect oil spills in water bodies [58, 59]. Using
terahertz transmission spectroscopy, Gorenflo et al. determined the amount and structure of
water in oil-water complexes by monitoring changes in absorption coefficient and refractive
index [58]. Cunnell et al. carried out similar measurements using terahertz quantum cascade
laser to quantify water in industrial water-oil emusions [59].

3.10. Conclusion

A remarkable progress has been made in the last couple of decades on the technology for
the generation, manipulation, and detection of terahertz radiation leading to ever-increasing
applications of this technology in industry and research. We have reviewed the applications
of terahertz technology in spectroscopic analysis, photovoltaic characterization, pharmaceuti-
cal testing, security screening, biomedical, astronomy, oil spill characterization, pharmaceuti-
cal and quality control. With the exponential growth in research in the terahertz regime, we
anticipate more advances in application of terahertz technology in the society.
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Abstract

Terahertz spectroscopy has great potential for sensing a wide range of elementary
excitations. However, terahertz studies are practically limited to macroscopic ensembles
of compounds (e.g., thick pellets of crystallized molecules or highly concentrated
solutions of nanomaterials) due to the long radiation wavelength (about 300 um at 1
THz). In this chapter, we show how terahertz nanoantennas can overcome the current
limitations of terahertz spectroscopy such as low sensitivity and low spatial resolution.
We briefly discuss how to design the resonance characteristics of a dipole nanoantenna
through a Fabry-Pérot model, and then we present the experimental characterization of
the spectral response of ordered arrays of such devices. Furthermore, we demonstrate
how nanoantenna arrays enable the possibility of retrieving the spectroscopic signature
of a monolayer of quantum dots and, in principle, of many other organic or inorganic
compounds. This technique, based on the idea of increasing the sensitivity through local
field enhancement, is named nanoantenna-enhanced teraheriz spectroscopy (NETS). A Fano-
like interference between the fundamental mode of the nanoantennas and the phonon
resonance of the quantum dots is observed, together with an enhancement of the
absorption of the dots up to more than a million. Finally, we show how to extract the
main spectroscopic information of the quantum dots through a simple coupled
harmonic oscillator model. This novel technique can be widely applied in terahertz
spectroscopic studies of nanocrystals and molecules, where extremely low concentra-
tions are of concern.

Keywords: surface enhancement, terahertz spectroscopy, nanoantennas
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1. Introduction

Terahertz (THz) spectroscopy is a promising technique for sensing low-frequency modes (e.g.,
collective vibrations, phonons, magnons, intra-excitonic transitions) of a variety of materials
and compounds [1]. However, some of the main drawbacks of THz spectroscopy are its
extremely low sensitivity and the difficulty to sense nano-objects as well as ultra-low amount
of chemical compounds, due to the long radiation wavelength and the associated diffraction
limitations. Recently, several research groups devoted their efforts to investigate metamate-
rials [2-4] and nanoslot-based [5-7] platforms tailored for the THz sensing of, for example,
small molecules such as lactose, fructose, sucrose [6, 7] or microorganism such as fungi and
bacteria [2]. However, THz studies employing these techniques were not able to provide any
spectral information regarding the investigated specimen. In the last decades, surface
enhancement [8] methods were widely explored, given the associated capability of increasing
the sensitivity of traditional spectroscopies. More in detail, surface-enhanced Raman
spectroscopy (SERS) was first developed [9, 10] and has been proven to be an effective tool for
investigations down to the single molecule level [11-13]. Afterward, surface-enhanced infrared
absorption (SEIRA) [14, 15] was proposed for direct absorption spectroscopy in the infrared
region, enabling the study of molecules at the sub-attomolar level [16]. The central idea of
these techniques stems from the fact that both Raman and absorption spectroscopies are
sensitive to the local electric field, which can be significantly amplified on rough metal
surfaces or in proximity of metallic nanostructures [17]. In this chapter, we show how the use
of properly engineered metallic nanostructures can overcome the current limitations of THz
spectroscopy, such as low spatial resolution and sensitivity. Indeed, the distinctive ability of
metallic nanoantennas [18] to collect and concentrate incident light beyond the diffraction
limit allows achieving high local fields, thus intensifying radiation-matter interactions by
order of magnitudes. In Section 2.1, we provide the basic concepts for the design of the
resonant properties of nanoantennas for THz light. In particular, we introduce the Drude
model for the description of the complex dielectric function [19] of a conductor, and then, we
present a simple quasi-analytical model to describe the antenna behavior as a Fabry-Pérot
resonator [20]. Subsequently, in Section 2.2, we extend our investigation to the resonance
properties of ordered arrays of THz dipole nanoantennas, both numerically and experimen-
tally [21, 22]. In Section 3, after summarizing the recent discoveries and techniques regarding
enhanced THz sensing, we demonstrate how arrays of dipolar nanoantennas can effectively
be employed for THz spectroscopy, discussing what we have named: nanoantenna-enhanced
THz spectroscopy (NETS) [23]. In particular, we present our test of NETS on a monolayer of
cadmium selenide quantum dots, and by employing a simple model based on a mechanical
analog (coupled harmonic oscillators), we show how to retrieve the main spectroscopic
properties of the specimen under investigation. This technique enables unprecedented spatial
localization of THz light and high sensitivity, which results in a new powerful tool for THz
investigations of ultra-low amounts of compounds, potentially down to the single nano-object
level.
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2. Modeling, design and characterization of nanoantennas for terahertz
light

2.1. Properties of metals and nanoantenna modeling at terahertz frequencies

In order to properly design and model THz nanoantennas, we first need to be able to describe
the electromagnetic properties of a metal when it no longer behaves as a perfect conductor. In
fact, already in the GHz domain, losses become an important constraint that microwave
engineers have to deal with [18, 19]. In a first approximation, it is possible to retrieve the optical
properties of a conductor by means of a simple model developed by Paul Drude in 1900, which
considers the conducting material as an ideal gas of free electrons that move in a background
of fixed positive ions. According to this picture, the valence electrons of the constituent atoms
become conduction electrons and are able to freely move in the volume of the material. The
complex dielectric function of the metal can therefore be obtained through a straightforward
model describing the interaction of the electric field of the incoming radiation and this “sea”
of electrons, which leads to the following expression [19]:
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where ¢_ is the dielectric constant at high frequencies, w, is the plasma frequency (N is the
carrier concentration, e the electron charge, m the electron mass and ¢, the vacuum permit-

tivity) and y = 1/t is the Drude scattering rate ( is the carrier lifetime). As one can see, in this
model, the complex dielectric function and consequently all the others optical parameters (i.e.,
the refractive index and the conductivity) are fully characterized by the material plasma
frequency and scattering rate [19]. Since the plasma frequency of noble metals lies in the visible
UV region (e.g., for gold, wp/Zn = 2067 THz ; for silver, wp/Zn = 2321 THz [24]), at THz

frequencies (w K w p)’ the real part of the permittivity £, results to be negative and significantly
large in modulus. It is worth reminding that a finite and negative ¢ is a fundamental require-

ment for the existence of a surface wave (named surface plasmon polariton [19] at optical
frequencies) at the interface between a conductor and an insulator. The classical Drude model
can be extended in order to consider the quantum nature of the carriers by introducing the
Drude-Sommerfeld model [19]. The main consequence of this model in the derivation of the
permittivity of metals is that, under an applied electric field, the carriers move in the material
with an effective mass m, £ which simply substitutes the free electron mass in the plasma

frequency and conceptually incorporates the interaction between the lattice of positive ions
and the sea of electrons. Finally, it is possible to take into account the contributions of bound
electrons to the permittivity by using the Drude-Lorentz model [19], which assumes the presence
of a restoring force between the carriers and the ions. In the most general scenario, considering
anumber k of real electronic transitions, we can therefore add to the complex dielectric function
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in Eq. (1) a collection of damped harmonic oscillators with resonance frequencies w , as
follows: wi% fr/ (wo' k2 —w?- ia)yo’ W where f K @0,k and Yo, | are the strength, the central

frequency and the damping rate of the kth oscillator, respectively.

Taking advantage of the Drude description of the electromagnetic response of a metal and its
extensions, we can develop a model able to predict the resonance characteristics of the basic
element (i.e., a metallic nanoantenna) of the proposed NETS technique. This simplified model
also allows a better understanding of the physical mechanism that gives rise to the optical
response of such nanodevices. Let us consider the simplest nanoantenna geometry, a cylin-
drical wire of fixed radius R and length L (note that the cylindrical geometry is used to simplify
the calculations, but the overall description is valid also for wires of arbitrary lateral section).
Such wire can be described as a Fabry-Pérot resonator for a surface wave [18, 20], as illustrated
in Figure 1a.

fa4]
(=3

El
= 1
r r 3
T -, E 0.8
N \y =
fory \ 208
; _. L
|'. R 'l £,(@) .| & g 04
\_/ —/ £ o0z
L 2 % 1 2 2 4 ]

Frequency [THz]

Figure 1. (a) Illustration for the modeling of a wire nanoantenna as a Fabry-Pérot resonator. (b) Normalized electric
field amplitude at the tip of the nanoantenna obtained using Eq. (4) (permittivity of gold at THz frequencies taken
from Ref. [32]).

For simplicity, we discuss only the propagation of the fundamental surface mode TM,
(transverse magnetic, axially symmetric mode [18, 25]) along a thin metal wire with complex
dielectric function ¢, (w) (that can be extracted using the Drude description above). The wire

is assumed to be surrounded by a dielectric medium of constant permittivity ¢,. The funda-

mental surface mode propagates along the antenna, and it is reflected at its ends, so that at
specific frequencies standing waves (and the associated resonances) are formed, like in a
traditional Fabry-Pérot resonator. These resonances occur when the antenna length is close to
amultiple of half of the wavelength and, in particular, the lowest order resonance 1, . appears

when the following relation is satisfied [26]:

Apes | 2ngp = L+20 )

res

where n, ff is the effective index of the propagating surface mode and § is introduced to take

into account the apparent increase of the antenna length, due to the reactance of the antenna
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ends. The complex effective refractive index n, £f for a cylindrical wire can be derived from

the Maxwell’s equations by applying the proper boundary conditions at the dielectric—
metallic cylinder interface [25], which leads to the following equation [27]:

Em hiwB) | ea KiaR) _

Ky To(rmB) kg Ko(7qR) 3)

where [ j and K j (j =0, 1) are the modified Bessel functions, Vi d = ko,lngff—em’ &

ko = w/c, cis the speed of light in vacuum and K d = dng Ff Em,d The complex reflection

coefficient r (thus including amplitude and phase) at the ends of the antenna can also be
calculated in a closed-form for a subwavelength system, as detailed in Refs. [27, 28]. Basically,
the electric and magnetic fields outside the antenna are expanded in terms of the free-space
modes that are rotationally invariant (in order to preserve the symmetry of the problem). Then,
the transverse electric and magnetic fields are matched at the interface (end of the antenna) to
retrieve the reflection coefficient. Finally, we can calculate the electric field E, ip at the extrem-

ities of the wire antenna following the typical procedure used for a Fabry-Pérot cavity and
considering that, for normal incidence, only the odd modes of the wire can be excited:

— ol PY(] — P
E, _Eo(l re”)(1—-¢e")

v o o=kl @

where E j is the field that couples at the tips of the nanoantenna and ¢ is the phase accumulated

along the wire by the propagating surface mode in half round-trip. Figure 1b shows the
resonance characteristics of a 100-um-long gold wire nanoantenna (80 nm diameter) in
vacuum, as obtained using Eq. (4). In this example, one can clearly see the first two (odd) modes

of the nanoantenna, corresponding to the conditions ;= 2n, ffL(vl = i) and

c

Ay = ZneffL/3(V2 = 1, ), respectively.

2.2. Design, fabrication and characterization of nanoantenna arrays

The Fabry-Pérot model presented above allows an initial and insightful investigation of the
resonance properties of a single nanoantenna. However, the proposed NETS technique makes
use of far-field measurements to retrieve the spectral properties of the specimen under
investigation. In order to guarantee an easily detectable signal in the far field, arrays of
nanoantennas are commonly used. Short- and long-range interactions between neighboring
nanoantennas lead to changes in the resonance characteristics of an array when compared to
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a single isolated element [18]. In such scenario, a fine-tuning of the array resonances can be
conducted by means of electromagnetic simulations, which allow taking into account the
overall electromagnetic response of the system.

Once the proper architecture has been designed, it can be fabricated by employing electron-
beam lithographic techniques. More specifically, for the arrays investigated in Refs. [21, 22],
we used the following procedure: a 120-nm thick poly(methylmethacrylate) (PMMA) layer
was spin-coated on a 500-um thick, high-resistivity (>10 k{dcm) (100)-oriented silicon substrate.
High-resistivity silicon was selected as a substrate since it is transparent and has a constant
refractive index in the THz range. Charging effects that may occur during electron exposure
over an insulating substrate have been prevented by means of a 10-nm-thick Al layer that was
thermally evaporated on the PMMA surface. A high-resolution Raith150-Two e-beam writer
at 15 keV beam energy and 520 uC/cm? exposure dose was used to prepare the nanoantenna
patterns. After the Al removal in a KOH solution, the exposed resist was developed in MIBK/
isopropanol (IPA) (1:3) for 30 s. Then, a 5-nm-thick adhesion layer of titanium was prepared
using electron beam evaporation, with a 0.3-A/s deposition rate in a high vacuum chamber
(base pressure 107 mbar). In situ thermal evaporation (0.3-A/s deposition rate) of a 60 nm gold
film was obtained using a high temperature source mounted inside the vacuum chamber. After
the film deposition, the unexposed resist was removed with acetone and rinsed out in IPA. The
residual PMMA resist and organic contaminants were removed by means of O, plasma ashing
for an improved lift-off. The two-dimensional arrays, composed of aligned nanoantennas with
a fixed spacing G =20 um in both directions on the plane (see Figure 2), were fabricated on a
5 x 5 mm? area. In order to investigate the tunability of the resonance of such nanoantenna
arrays in the THz range, we prepared a series of samples with different nanoantenna lengths
(L=230, 35, 40, 50 and 60 pm, respectively), fixed height (60 nm) and width (D =200 nm).

“30um. 200 nm

Figure 2. (a) Schematic illustration of the nanoantenna array. (b) SEM image of a detail of the array with L =40 um. (c)
Magnification of the nanoantenna tip. Reproduced with permission from Ref. [22].

To characterize the spectral response of these samples, we employed a standard time-domain
spectroscopy (TDS) setup [1]. In particular, THz pulses were generated via optical rectification
of 130-fs-long pulses at 800 nm (1.6 m] of energy at 1 kHz repetition rate) in a 500-um-thick
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(110)-ZnTe crystal. The arrays were placed in the collimated THz beam path (beam diameter
of about 7 mm), and the transmitted radiation was then focused on a second ZnTe (500-pm
thick) that was used to record the transmitted THz pulse trace in time, in a classical electro-
optical sampling arrangement [29].

Because of the strong absorption of water molecules in the THz region, the measurements
were performed in a nitrogen-purged environment. For the investigated arrays, the nanoan-
tenna covering factor (defined as the ratio of the area covered by the nanoantennas to the
total area of the array) is <1%, so that the transmitted spectrum when the THz radiation is
polarized perpendicular to the nanoantenna main axis (nonresonant excitation) is found to
be substantially equal to the one of a bare silicon substrate. For this reason, the array trans-

mittance, named relative transmittance T, can be simply calculated by dividing the spec-

trum collected exciting the nanoantennas with polarization aligned along their main axis
(resonant excitation) by the one obtained under nonresonant excitation. The results of this
procedure are shown in Figure 3a. As one can see, the transmission of the array is reduced
up to 60% in correspondence of a resonance dip, which red-shifts by increasing the length L
of the nanoantennas. From these data, we can estimate the nanoantenna extinction efficiency

Q. as follows [21, 22]:
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Figure 3. (a) Relative transmittance T’ rel of the nanoantenna arrays as a function of frequency for the five samples with

different nanoantenna lengths. (b) Extinction efficiency Q as a function of frequency, calculated from the experi-

ext
mental data using Eq. (5). Reproduced with permission from Ref. [22].

Q _ Oext _ A(I_Trel) _ Q + Q _ Oubs + Osca

ext — - NLD — Yabs sca — (5)
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where o ext is the nanoantenna extinction cross section, o abs and Opq AT€ the absorption and

scattering cross sections respectively, T geo = LD is the geometric cross section, A is the illumi-

nated area, while N, L and D are the number, length and width of the illuminated nanoanten-

27
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nas, respectively. The extinction efficiency essentially quantifies the capability of nanoantennas
of collecting free-space radiation. Figure 3b depicts @, . as a function of frequency. The peak

value is about 90 for all the samples, meaning that, under resonance condition, the effective
cross section of our nanostructures increases by about 90 times. The experimentally extracted
resonance properties of the nanoantenna arrays were also compared with the results of
numerical simulations, performed using a finite integration technique-based commercial
software (CST Microwave Studio). We considered gold nanoantennas with a rectangular
section of 200 x 60 nm?, capped with hemi-cylindrical terminations of radius equal to 100 nm.
To better resemble the fabricated structures, all the nanoantenna edges were blended with a
radius of curvature of 20 nm.

Furthermore, to simplify the simulated geometry while taking into account the influence of
the silicon substrate, we considered nanoantennas entirely embedded in a homogenous

medium of effective dielectric constant: & bg = 1+ néi) /2[30], where n g;=342is the refractive

index of silicon in the THz region [31]. The gold dielectric constant was extracted from Ref. [32].
In all simulations, the nanoantennas were excited by a plane wave set at normal incidence,
with polarization along the long axis of the nanostructures. In order to retrieve the nanoan-
tenna resonance properties, we numerically evaluated the extinction efficiency Q,,, by

extracting, from the simulations, the total absorption and scattering cross sections as a function
of frequency. Figure 4 illustrates the peak resonance wavelength 1, as a function of the

nanoantenna length (L = 30, 35, 40, 50 and 60 um) for three cases: individual nanoantenna
(numerical simulation, magenta squares), array of nanoantennas (numerical simulation, red
squares) and experimental data (black crosses).
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Figure 4. Resonance wavelength Ar es 3 a function of the nanoantenna length L. Numerical simulation for an isolated

nanoantenna (magenta squares); best fit with the Fabry-Pérot model for an isolated THz antenna (dashed blue line);
numerical simulations of the nanoantenna array (red squares); experimental data obtained from the resonance curves
in Figure 3 (black crosses). Adapted from with permission Ref. [22].
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It is possible to observe that, as expected, the peak resonance wavelength increases linearly
with the antenna length. This behavior can be further investigated using Eq. (2), and the simple
Fabry-Pérot description discussed in the previous section (Section 2.1). Since § is known to be
of the order of the lateral dimension of the antenna [20, 26], it can be neglected in our case
(L > D), and we can simply write: 4, = 2n, £l The numerical results of the individual

nanoantenna (magenta squares) can be therefore fitted with this equation to retrieve the
effective refractive index. Notably, the obtained value, n eff = 2.83, is higher than the back-

ground index employed in the simulations: n, 9= € 9= 2.52. This means that a gold nano-

wire with lateral section as in the studied case (200 x 60 nm?) cannot be considered as an ideal
conductor at THz frequencies (i.e., the electric field of the propagating surface mode penetrates
inside the metal). Comparing the numerical values obtained for the resonance of an individual
nanoantenna (magenta squares) with the experimental data (black crosses in Figure 4), we
notice that the experimental values slightly shift toward shorter wavelengths. This shift is
attributed to the long-range dipolar interaction between neighboring nanoantennas in the
array, which is known to affect the resonance properties of the system [16, 18]. Indeed, when
the nanoantennas are organized in an array configuration, each element of the array is excited
by a superposition of the incident electromagnetic field and the field scattered by the other
elements. In order to corroborate this observation, we performed numerical simulations with
periodic boundary conditions, to accurately evaluate the response of an array with a 20 pm
spacing in both directions on the plane. These results are reported in Figure 4 (red squares)
and show a blue-shift of the array resonance frequency, confirming the origin of the shift
observed in the experimental data. The residual difference between simulated and experi-
mental values may be due to the uncertainty in the effective dielectric constants of the materials
involved [33]. For applications exploiting the local field enhancement in close proximity of the
nanoantennas, as it is the case with NETS, it is also important to investigate the near-field
resonance properties of these nanostructures and compare them with the above reported far-
field resonance characteristics. For the sake of simplicity, we considered here only the case of the
array with L =40 um.

Figure 5a (magenta curve) shows the field enhancement factor F at the nanoantenna tip as a
function of frequency, which is defined as the ratio of the local to the free-space field. A broad
resonance centered at around 1.3 THz can be observed, with a peak field enhancement of a

few hundreds. Figure 5a also displays the values of Q , - and Q ., as well as their sum @, ,

(right axis). It is worth noticing that both absorption and scattering significantly contribute to
the far-field resonance properties of the nanoantennas, featuring a peak at the same frequency
of 1.5 THz. The near-field resonance peak thus results to be red-shifted (of about 200 GHz)
with respect to the far-field peak. This behavior was previously observed in the optical
frequency region and was attributed to plasmon damping [34-36]. In fact, by modeling the
nanoantenna as a damped harmonic oscillator driven by the external electric field, the oscillator
energy dissipation can be associated to the far-field extinction cross section of the nanoantenna,
while the oscillator amplitude corresponds to the nanostructure near-field response. When
damping is present, the peak of the oscillator amplitude is known to appear at a frequency
that is lower than the natural frequency of the oscillator, while the maximum of the energy
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dissipation remains un-shifted [34]. Therefore, the magnitude of the resonance shift between
the near-field and far-field response is directly related to the total damping of the system, in
terms of intrinsic ohmic loss in the metal and radiative damping [36]. In order to demonstrate
the nature of this phenomenon at THz frequencies, we substituted gold and its realistic
dielectric constant in the simulations with a perfect electric conductor (PEC, i.e., a material
with infinite conductivity). Figure 5b shows the results of this procedure. As expected, in the
case of a PEC, the contribution of absorption vanishes, and the far-field properties are ruled
by scattering. In addition to a narrower resonance, the near-field peak was found to be almost
coincident with the far-field peak. Thus, the red-shift of the near-field resonance observed in
THz gold nanoantennas is mainly a consequence of ohmic damping. For an effective imple-
mentation of NETS, this effect has to be taken into account during the design of the nano-
structures, in order to achieve the desired near-field response.
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Figure 5. (a) Comparison between simulated near-field and far-field resonance spectra, for the array of gold nanoan-
tennas with length L = 40 pum. Left vertical axis: field enhancement factor F' (magenta line) as a function of frequency.

ext’ Qsca and Qabs
(red, dashed blue and green line, respectively) as a function of frequency. (b) Same as in (a), substituting gold with a
perfect electric conductor (PEC). Reproduced with permission from Ref. [22].

Right vertical axis: normalized values of the extinction, scattering, and absorption efficiency Q

3. Enhanced terahertz sensing and spectroscopy

As discussed in Section 2, metallic nanostructures can strongly increase the local THz electric
field and can thus enhance the interaction of the incident radiation with a specimen placed in
their proximity, this being the basic concept of NETS. Similar strategies, exploiting an aug-
mented radiation-matter interaction, have been already successfully employed. For example,
waveguide-assisted THz sensing [37] makes use of a guided geometry (e.g., in a parallel plate
configuration), so that the effective interaction length can be increased up to several centime-
ters, enabling spectroscopic investigations of thin layers of biomolecules [38], explosives [39]
and drugs [40]. The drawback of this approach is that the specimen has to be deposited
throughout the whole length of the waveguide to effectively exploit the enhanced interaction.
In a similar way, THz sensing using spoof plasmons (i.e., bound electromagnetic waves on
corrugated metallic surfaces) also needs that the specimen under investigation is deposited
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along the entire propagation length of the THz surface wave [41]. On the other hand, THz
sensors based on metamaterials [2-4] have shown to be effective in sensing thin films of various
compounds, down to the sub-micrometer level. Metamaterials indeed possess a narrowband
resonance, whose position in frequency is strongly sensitive to the surrounding environment.
For instance, Park et al. [2] recently proposed a metamaterial-based THz sensor capable of
detecting live microorganism such as molds, yeast cells and bacteria. In particular, they
prepared metallic arrays of square rings with a micro-gap at the center and functionalized the
sensor with an antibody specific to bacteria (E. coli) in aqueous environment, in order to enable
selective detection. The presence of the microorganisms at low densities was detected by
probing (via THz-TDS [1]) the shift of the inductive-capacitive resonance, due to a change of
the dielectric constant of the environment. As this and other examples can show, such type of
THz metasurfaces is excellent refractive-index sensors, but they are not suitable for the
identification of the spectroscopic signatures of the specimen under investigation.

In recently years, a new approach based on nanoslots [5-7] resonating at THz frequencies has
been proposed by Park et al. [6], which has shown the possibility of strongly enhancing the
THz absorption coefficient of molecules. In particular, they fabricated and tested a set of single
nanoslot antennas (see illustration and SEM images in Figure 6) of fixed length (/=90 um) and
varying widths (w =50, 100, 200, 500, 1000 and 5000 nm) realized on a thin gold film of thickness
h =50 nm, for the smallest width w, and / = 100 nm for all the other cases, on a 500-um-thick
quartz substrate. The slots were prepared to have a resonance at around 0.87 THz, which
matched the frequency peak of an absorption band of RDX (1,3,5-trinitroperhydro-1,3,5-
trizine) molecules. Figure 6¢ shows the normalized resonant transmission (measured via far-
field THz-TDS [1]) of these nanoslots as a function of the RDX amount that was drop-casted
over the sample surface. Remarkably, a significant decrease of the resonant transmission
intensity is already observed for an amount of 40 ng spread over a sample area of 8 mm? which
corresponds to only 22 fg inside the slot cavity. This was made possible thanks to the high field
enhancement achieved inside the slots at resonance that, in turn, increased the absorption
coefficient of RDX molecules up to values higher than 100,000 cm™.
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Figure 6. (a) Illustration of the RDX molecules spread over a THz nanoslot antenna. (b) Schematic of the nanoslot with
definition of the relevant geometrical parameters, and SEM images of four samples: w = 50, 500, 1000 and 5000 nm. (c)
Normalized resonant transmission measured at 0.87 THz for all the six samples, as function of the RDX amount.
Adapted with permission from Ref. [6]. Copyright © 2013, American Chemical Society.
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More recently, Lee et al. [7] demonstrated a nanoslot-array-based (see Figure 7a) THz sensing
method which enables the selective detection of carbohydrate molecules (such as D-glucose,
fructose, sucrose and cellulose). Here, two different nanoslot arrays with slot lengths I = 40
um (f,,= 1.4 THz) and [ =35 pm (f,,,= 1.7 THz) were designed, in order to match the absorption
lines of D-glucose and fructose, respectively, following the sensing strategy reported in Ref. [6].
Even in this case, the strong field enhancement provided by the nanoslots (estimated to be
about 50 for these slots featuring a width w = 500 nm) significantly increased the molecular
absorption, enabling the detection of a specific sugar down to hundreds of micromoles. The
selectivity of this system was verified by THz far-field imaging in transmission. In particular,
the nanoslot array with its resonance matched to the absorption peak of fructose was used to
discriminate this sugar from D-glucose. The upper-right corner of the array was covered with
fructose and the lower-left corner with D-glucose (Figure 7b). Figure 7c shows the THz
transmittance image of the sample under resonant conditions, highlighting the good selectivity
of the sensor and its ability to discriminate the two types of sugars. The same system was also
successfully employed to detect the sugars contained in popular sweetened beverages,
including Coca-Cola, Pepsi-cola and Sprite. These works show the great potential of nanoslot-
based sensors for the accurate detection of chemical compounds in the THz region. However,
even in this case, no direct information regarding the main spectroscopic characteristics of the
investigated sample (i.e., absorption peak position and bandwidth) was retrieved.
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Figure 7. (a) [llustration and SEM detail of the nanoslot array-based THz sensing chip. (b) Photograph of the nanoslot
array (I =35 um) after deposition of D-glucose and fructose (concentration: 250 mg/dL) in the two corners. (c) Normal-
ized THz transmittance image of the array after deposition of the two sugar specimens. Adapted with permission from
Ref. [7].

In the next section, we will discuss the use of engineered arrays of dipolar nanoantennas,
reported in Section 2, to implement surface-enhanced spectroscopy in the THz spectral re-
gion. This technique basically translates the concept introduced by SEIRA for the infrared
region into the THz domain and provides a valuable tool for THz spectroscopic investiga-
tions of ultra-low amounts of chemical compounds. In particular, we will summarize some
of our recent results regarding the use of resonant dipole nanoantenna arrays to retrieve the
spectroscopic response of a test sample: a monolayer of cadmium selenide quantum dots
(CdSe QDs).
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3.1. Resonant dipole nanoantenna arrays for enhanced THz spectroscopy

In Section 2, we discussed the properties of dipole nanoantenna arrays in the THz region. As
mentioned, the simplest design for a resonant nanoantenna is represented by a metallic
nanorod of length equal to about half of the effective wavelength of the exciting radiation
(half-wavelength dipole nanoantenna) [20, 26]. In this configuration, the electric field con-
centrates into two sub-wavelength “hot-spots” at the antenna extremities. By moving from
an isolated nanoantenna to nanostructures coupled end-to-end through a narrow gap, it is
possible to increase and localize the electric field even further within such gap [18]. Figure 8a
shows the nanoantenna arrangement employed in our investigation [23]. Several arrays of
gold dipole nanoantennas (5 x 5 mm?) were again fabricated on high-resistivity silicon sub-
strates using e-beam lithography. We fixed the nanoantenna height and width at & = 60 nm
and w =200 nm, respectively. THz hot-spots featuring high field enhancement were obtained
by coupling the nanoantennas along their long axis through nanogaps of nominal width of
20 nm (G, in Figure 8a, see SEM image in Figure 8b). In order to demonstrate the capabilities
of NETS, we selected CdSe QDs as test-bed nano-objects, since they are endowed with a
clear phonon resonance in the THz range [42] (at 5.65 THz, as shown in Figure 9b). To tune
the resonance of the nanoantenna arrays and match the QD phonon resonance, we per-
formed extensive 3-D electromagnetic simulations, varying both the length L of the nanoan-
tennas and their spacing G, in the direction perpendicular to the antenna long axes (see
Figure 8a). Indeed, as described in Section 2, its length [26] determines the resonance of a
single nanoantenna and thus the main features of the spectral response of the whole array
[22].
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Figure 8. (a) Schematic illustration of the nanoantenna arrays used for the NETS demonstration. (b) SEM detail of a
nanogap region (upper panel); 2D surface plot of the field enhancement factor F around the gap region at the QD reso-
nance frequency, for L =8 pum and G, =14 um (lower panel). (c) F in the centre of the nanogap as a function of frequen-
cy, for two arrays with two different nanoantenna lengths L and same spacing G,. Adapted with permission from Ref.
[23]. Copyright © 2014, American Chemical Society.
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Figure 9. (a) TEM image of the synthesized CdSe QDs. (b) THz transmittance of a 100-nm-thick layer of CdSe QDs. (c)
Magnification of a gap region covered with the dots, showing the uniformity of the QD layer. Adapted with permis-
sion from Ref. [23]. Copyright © 2014, American Chemical Society.

Additionally, the array spacing is also a critical parameter for engineering the frequency
response of the nanostructures [22, 43]. Indeed, this spacing modifies the interaction between
neighboring nanoantennas and has the ability to promote, by means of in-phase coupling, their
collective excitation. This can result in resonance shift and narrowing, as well as lead to higher
local fields. Figure 8c reports two examples of array geometries engineered to match the
phonon resonance of the dots. In particular, it shows the field (amplitude) enhancement factor
F in the center of the gap, being F(x,, v, z,) defined here as the ratio of the local electric field

at position (x, v, z() in the presence of the nanoantennas to the field in the same position

considering a bare substrate with no structures. The effective localization of the THz electric
field into sub-wavelength nano-volumes is illustrated in Figure 8b (lower part), which shows
a 2D simulation of F around the gap region under resonant conditions. In the center of the
nanogap, extremely high values of F (more than a thousand) are reached, which is fundamental
for the successful realization of enhanced THz spectroscopy of nanomaterials. In fact, inside
these gaps, the usually small effective absorption cross section of a nano-object at THz
frequencies can be greatly amplified (up to more than a million times in the presented case),

since it scales with |F |2 [44].

3.1.1. Terahertz-enhanced spectroscopy of a monolayer of CdSe QDs

CdSe QDs were selected as a model system for our investigation since they can be prepared
with high precision in shape and size, and they are known to form a compact and uniform
layer, whose thickness can be accurately controlled. QDs with an average diameter of 5.2 nm
were chemically synthesized using a previously developed protocol [45]. Figure 9a shows a
transmission electron microscope (TEM) image of the dots, highlighting good size uniformity.
The spectral response of the QDs was then retrieved through Fourier transform spectroscopy
[46] (Bruker 70/v Fourier transform spectrometer) in a transmission configuration. Figure 9b
presents the THz transmittance of a 100-nm-thick layer of QDs drop-casted on a bare silicon
substrate. Their phonon resonance (Frohlich mode) [42] is clearly visible as a transmission dip
centered at ~5.65 THz. For the demonstration of NETS, a uniform monolayer of CdSe QDs was
then spin-coated over the fabricated arrays (see detail of the gap region in Figure 9c).



Terahertz Nanoantennas for Enhanced Spectroscopy
http://dx.doi.org/10.5772/66349

Afterward, the THz transmittance of the four fabricated samples (with slightly shifted
resonance frequencies) was again measured, and the results are shown in Figure 10a. For
nonresonant excitation (not shown, polarization of the THz light set perpendicular to the long
axis of the nanoantennas), the transmission of the samples was equivalent to the one of a bare
silicon substrate, thus the presence of the QDs could not be detected. This result is in agreement
with the QD response reported in Figure 9b for a 100-nm-thick layer. Indeed, for such thin
layers, the transmittance change AT (i.e., the difference in transmittance between the reference
silicon substrate and a substrate covered with the CdSe layer) results to be proportional to the

layer thickness d (AT =1 — e~ ~  ad, where ais the layer attenuation coefficient). Consid-

ering that a transmission change of ~3.5% was measured for a 100-nm-thick layer (Figure 9b),
a change of <0.2% should be expected for a monolayer, which is below the sensitivity of our
experimental apparatus.
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Figure 10. (a) Experimental transmittance of nanoantenna arrays covered with a monolayer of CdSe QDs, for different
antenna lengths L and array spacings G, (f. is the central frequency of the phonon resonance). (b) Corresponding nu-
merical simulations. Reproduced with permission from Ref. [23]. Copyright © 2014, American Chemical Society.

Conversely, when the nanoantennas were resonantly excited (polarization along their long
axis), a clear anti-resonant peak, located in proximity of the QD phonon frequency f, (black
dotted line in Figure 10), was observed over the resonance response of the arrays (Figure 10a).
This Fano-like behavior [47] arises from the interference between the nanoantenna mode and
the QD phonon resonance. The result is similar to the one traditionally observed in SEIRA
measurements [48-50]. It is worth underlining that the Fano-like anti-resonant feature is
clearly visible for all the tested arrays, which possess distinct nanoantenna resonance fre-
quencies. This demonstrates that only a coarse alignment between the phonon mode of the
QDs and the nanoantenna resonance is necessary to observe the effect. Furthermore, the inter-
ference peak always appears in the spectrum in correspondence of the QD vibrational fre-
quency (black dashed line), as expected for a Fano-like interference. The observed coupling

35



36 Terahertz Spectroscopy - A Cutting Edge Technology

between the nanoantenna resonant mode and the QD phonon line was also investigated
through extensive numerical simulations. In order to reduce the required meshing elements
and thus the computational time, we considered a uniform layer with thickness equal to the
QD diameter (5.2 nm) and permittivity as in Ref. [51], which reports the THz response of
CdSe QDs with a diameter (6.3 nm) similar to the ones investigated in our work. The results
of the simulations are reported in Figure 10b. As can be seen, they well reproduce the overall
behavior of the system and are in good agreement with the experimental measurements.

3.1.2. Absorption enhancement

The results presented in Figure 10 show that NETS allows sensing ultra-low quantity of
compounds (in our proof-of-concept experiment, a monolayer of CdSe QDs) through the
formation of a Fano-like resonance. This is clearly visible and corresponds to a spectral feature
of the specimen under investigation, which couples with the nanoantenna mode of the array.
As already discussed in the beginning of this section, NETS relies on the fact that a specimen
absorption is strongly sensitive to the local electric field, which can be greatly increased (see
field enhancement values in Figure 8c) in proximity of nanoantennas. In this regard, we made
use of numerical simulations to quantitatively estimate this effect in the case of our NETS
arrays. The overall array absorption enhancement 7, , at the QD phonon resonance frequency

Vpj, Can be evaluated by calculating the surface integral of |F |%at resonance, and dividing it by

the total sensing area A =25 mm?

|F(U h,x,y)|2 dxdy
— tot P

Mot (Uph ) 4 (6)

In particular, for the case of the array with L =8 um and G, = 14 um, whose characterization is
reported in Figure 10a (red line), we find 7, = 70, which is a significant result considering

that the nanoantenna covering factor is only 1.4%. In a similar way, we can also estimate the
contribution of the QDs situated in the nanogap regions to the overall absorption. To this end,

we can compare the surface integral of |F |2 calculated over the area covered by the nanogaps
with the one calculated over the entire array:

nga,,(uph) i j jgap|F(uph,x, y)|2 dxdy

nt()t(uph) ) J.J't t|F(Uph,x,y)|2 dxdy
0

Considering again the array with L =8 um and G, =14 pm, we find n gap /Mo =0.52. This means

that about half of the total absorption of the monolayer occurs in the nanogap regions. This
result is of great relevance since the nanogaps cover an area ~30,000 times smaller than the
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total sensing surface, and each of them contains roughly 130 QDs (visual estimate from the
SEM image in Figure 9c).

3.1.3. Analytical description through a two coupled harmonic oscillator model

A direct and simple analytical model can be used to describe the NETS measurements, in order
to shed more light on the underlying physical mechanism and extract the main spectroscopic
information of the investigated specimen. Indeed, the observed Fano-like interference can be
modeled by considering a system composed of two coupled harmonic oscillators [52, 53]: one
representing the nanoantenna resonance mode and the other the phonon mode of the QDs.
The first oscillator is characterized by a resonance frequency w pl = 2TV and damping

Vol = ZnAvp ! (Avp ; being the full width at half maximum of the resonance), while the second

p
one has a resonance frequency Wpp = 2TV and a damping factor Vpp = 208V, The two

systems can be connected together through the coupling constant g. Since the phonon mode
of the QD monolayer is weakly excited by the far-field radiation, we consider the first (nano-

antenna) oscillator to be the one excited by the external driving force: fe'®’. Under this
approximation, the equations of motion can be written as:

. . 2 Lot
X+ ¥ X, t @y, +8x,, = fe

.. . 2 _
XtV X T @ X, +8X = 0

Assuming a harmonic displacement, Xo1ph = Spl,p hei“’t, the amplitude of the nanoantenna

oscillator can be written as:

2 . 2
a)ph + l}/pha) -

¢ x4 )
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Figure 11 shows how the absolute value squared of the nanoantenna oscillator amplitude |cp l‘

(blue solid line) can properly reproduce the main characteristics of our experimental results
(red circles, representing the normalized extinction efficiency, extracted from the experimental
transmittance, for the array with L = 8 um and G, = 10 um). In particular, the model well
reconstructs the anti-resonant Fano-like feature in correspondence of the QD phonon reso-
nance. A direct comparison between this model and NETS experimental results can be used
to extract the main spectroscopic properties of the specimen under investigation, in terms of
absorption peak position and bandwidth. In the studied case, by fitting the experimental data,

we obtained values for the QDs phonon resonance frequency (v 5.72 THz) and

ph, model
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bandwidth (Av = 1.12 THz) that were in good agreement with the experimental ones

ph, model
(vph, exp = 5.64 THz and Av

Figure 9b).

ph, exp = 1.15 THz, retrieved from the measurement shown in

1~ =1
S
T 3
e &
4] ]
= o
S 0.8 -08 o
g §-
= ; a
- = 4
= o
o =
~ 06 - - 06
1
]
=2
- =
0.4 . . ; . . - 0.4
4 5 6 7

Frequency (THz)

2
Figure 11. |Cp j| asa function of frequency (blue) and normalized extinction efficiency o ext (from the experimental

transmittance T as Oprt & 1 —T of the array (L =8 um and G, = 10 um) covered with QDs (red circles). Repro-

t
duced with permission from Ref. [23]. Copyright © 2014, American Chemical Society.

4, Conclusion

In this chapter, we have shown how to design arrays of THz nanoantennas to perform
enhanced THz spectroscopy. In the beginning, we have discussed the properties of metals at
THz frequencies, retrieving the complex dielectric function through the Drude model. In order
to describe the resonance response of an individual dipole nanoantenna, the basic element of
our investigation, we have introduced a Fabry-Pérot resonator model for a surface wave over
a metallic wire. Through this simple quasi-analytical model, the resonance characteristics of
a nanoantenna can be quickly evaluated, avoiding time-consuming numerical simulations.
Afterward, we have presented both numerical and experimental results regarding the
electromagnetic response of THz nanoantenna arrays. In particular, we have shown that, by
varying the length of the nanoantennas, the resonance peak of the array can be tuned to cover
the THz band offered by standard THz sources. In addition, we have discussed the resonance
shift that arises between the near- and far-field responses of nanoantennas. We have shown
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that, in these devices, the near-field resonance peak can substantially red-shift in comparison
to the far-field peak, due to the ohmic damping within the metal. This is an important
information for the practical implementation of NETS, since the targeted absorption enhance-
ment relies on the local field in proximity of the nanostructures. Subsequently, we have
summarized some recent results reported in the literature on THz sensing via metamaterials
and metallic nanostructures. Finally, we have presented the demonstration of NETS, reporting
results obtained on a monolayer of CdSe QDs by means of engineered nanoantenna arrays
coupled through nanogaps. As a result of the direct coupling between the nanoantenna mode
and the phonon resonance of the QDs, the formation of an evident Fano-like interference
(centered at the phonon resonance frequency) over the array response was observed. The high
field enhancement (more than one thousand) obtained in the center of the nanogaps enabled
an increase of the absorption cross section of the QDs up to more than a million times, which
in turn allowed the ultrasensitive characterization of the QD spectroscopic signature.
Moreover, we have shown that a simple model based on coupled harmonic oscillators can be
employed to reproduce the Fano-like interference and extract the main spectroscopic charac-
teristics (absorption peak frequency and bandwidth) of the investigated specimen. NETS has
thus been proven to be a useful tool for the spectroscopic characterization of ultra-low
quantities of nanomaterials. Very recently, using a similar strategy, Ueno et al. [54] performed
surface-enhanced THz spectroscopy of amino acid molecules by means of arrays of gold dipole
nanoantennas. This promising result shows that NETS can also be effectively extended to
ensembles of molecules, and specifically to organic compounds of biological relevance.
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Abstract

We measured terahertz (THz) characterization of hydrogen-bonded materials using
THz time domain spectroscopy (TDS) with a gas-cooling cryostat. The temperature and
frequency dependencies of the complex dielectric constants of icy materials were mea-
sured over a wide temperature range. We checked the dielectric parameters of ices and
gas hydrates using a mathematical model. Ice exhibits increasing absorption with fre-
quency in the THz range because of the low-frequency tail of the infrared-absorption
band. This behavior is also observed in gas hydrates. The parameters describing the
frequency dependence of ¢” are treated as functions of temperature. From the THz
spectroscopy on gas hydrates, we showed that the dielectric constants of the gas
hydrates in the THz range can be analyzed using methods for ice. The complex dielectric
constants in the THz range contribute to the infrared polarization and phonon absorp-
tion of the water molecules on the hydrogen-bonding matrices, so we suggest that THz-
TDS is useful for physical and chemical studies of gas hydrates.

Keywords: terahertz time domain spectroscopy, ice, gas hydrate

1. Introduction

A hydrogen bond is an interaction between two electronegative atoms through one hydrogen
atom. The famous material as a crystal which consists of a hydrogen bond is an ice. Each
oxygen atom in the structure of the ice is bonded to four oxygen atoms which are arranged as a
tetrahedral around the oxygen atom through the hydrogen atom. Whereas materials which
consist of the hydrogen bond contain the bond partially, ice is composed of only the hydrogen
bond. The hydrogen bond is the controlling factor of the character of the ice [1]. Gas hydrates
also consist of hydrogen bonds.

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIN
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Gas hydrates have a curious icy crystalline structure which is stabilized under conditions of
relatively high pressure and low temperature. Gas hydrates have attracted much attention as
new materials for their use in the transport and storage of natural gases (Figure 1), since their
structure contains high volume of gases. In particular, methane hydrate is abundant in many
locations; it is found in sediment or permafrost regions and is expected to be a future energy
resource. The structure of gas hydrates consists of many cages, which include guest gas
molecules. Several structures of gas hydrates have been reported. The typical structure types
are structures I, II, and H, and the type depends on the guest molecule size and temperature-
pressure region. Structures I and II have a cubic unit cell, while structure H has a hexagonal
cell. In structure-II hydrate, sixteen 12-Hedra cages (S-cages) and eight 16-Hedra cages (L-
cages) are present in the unit cell. Structure I is generated by molecules with sizes 0.4-0.6 nm,
while structure II is formed by somewhat larger (0.6-0.7 nm) molecules that occupy only the L-
cages, such as tetrahydrofuran (THF) and propane. At high pressures, some of the smallest
guest molecules (0.38-0.42 nm) such as argon or nitrogen form a structure-II hydrate and
occupy both the S- and the L-cages. If the L-cages with structure II are fully occupied by
compound A, the composition of the gas hydrate will be A*17H,0 [2, 3].

Although ice and gas hydrates are important material for our life, several characters and
phenomena are still unknown. The examples are as follows: the highest density of water at
4°C and the self-preservation effect of methane hydrate at around 250 K.

The stability, cage occupancy, structure, and other properties of gas hydrates have been inves-
tigated using Raman spectroscopy, X-ray diffraction, NMR, and so on [4-9]. The dielectric
constants, which are fundamental parameters of a material, provide information on the water
reorientation and proton disorder of the crystalline lattice of a hydrogen-bonded material.
Although the dielectric parameters of ice have been reported in detail for a wide frequency
and temperature range [1, 10-21], there are few such studies for gas hydrates. Davidson et al.
provided a systematic discussion of the relaxation and reorientation of water molecules of gas
hydrates using dielectric parameters [22-24]. Williams et al. reported measurements of the
dielectric parameters to determine the dipole dispersion of guest molecules [25, 26]. Rick and
Freeman reported a computational study of the proton disorder of structure-II hydrates using

Figure 1. Burning methane hydrates.
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dielectric parameters [27]. These studies were conducted for frequencies below GHz frequen-
cies, and there are few studies of gas hydrates at higher frequencies in the terahertz (THz)
region [28, 29]. The frequency-dependent dielectric constants of the hydrogen-bonded mate-
rials provide information on the hydrogen-bonded structures.

In terms of the dielectric constant, the real part of the dielectric constant below 10* Hz of ice is
dominated by orientation polarization, and the value beyond around 10° Hz is dominated by
ionic polarization. The value drops from 3.2 to 1.7 at around a few THz, that is, the region of
infrared absorption. In the region between a few THz and deep ultraviolet, electronic polari-
zation dominates the value of the dielectric [30]. Hence, a study of the dielectric parameter at
THz frequency is able to investigate the nature of the hydrogen-bonded structure. The above
studies have mainly reported in the case of ice, whereas the report for the gas hydrate is not
sufficient. Further, the report of the dielectric parameter at THz region is not sufficient.

THz region lies between the optical region and microwave region. The energy of a THz wave
corresponds to the motion of a relatively large molecule; thus, THz waves offer the ability to
observe absorption of a highly polymerized compound [31]. The energy is also related to the
rotation of a hydrogen bond of water molecules and the rotation of free water molecules [32],
so THz waves have the potential to observe water dynamics in a solution. Although it has
been difficult to use THz waves due to the lack of a good emitter to date, recent develop-
ments in the technology of THz emitters and detectors have allowed many applications of
THz technology, such as security checks, communications, nondestructive inspection, and
spectroscopy [33, 34].

Famous for one of the THz applications is the THz time domain spectroscopy (TDS). THz-TDS
is a convenient analytical technique that allows one to determine the optical constants and
absorption coefficients of samples without using the Kramers-Kronig relationship [35]. Several
studies on water and ice using THz spectroscopy have been reported so far [14, 36]. However,
the temperature range used in these studies was very limited. The optical and dielectric
properties of ice over a wide temperature range are expected to provide meaningful informa-
tion for the fields of astronomy, remote-sensing, and low-temperature science. Ice in the
proximity of a celestial body or in space exists at very low temperatures [1, 37-40]; moreover,
ice in the low-temperature range exhibits interesting phenomena, such as an amorphous
structure associated with the glass transition temperature [41, 42]. This information is neces-
sary for THz remote-sensing applications. The frequency and temperature-dependent dielec-
tric constants of ice provide information on hydrogen-bonded structures. Therefore, a survey
of the optical parameters of hydrogen-bonded materials over a wide temperature range is
necessary.

2. Research methods

For the preparation of water ice samples, we used ultrapure water and pure heavy water
(WAKO Chemical). The water was placed in a Teflon plate with 10-mm-diameter holes to
form tablet samples. The water and heavy water were frozen using an environmental testing
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machine. The freezing of the water was slow and occurred at a temperature of 272 K to avoid
mixing air bubbles into the ice. The tablet thickness (~1.0 & 0.005 mm) was measured using a
micrometer (Anritsu). The volume density of the tablet sample was over 99%, according to the
volume and weight.

Propane and tetrahydrofuran (THF) hydrates were synthesized by stirring THF + water solu-
tion or pressurized gas and distilled water at 275.2 K in a stainless steel cell [28]. After stirring,
the hydrates were extracted from the stainless cell at ca. 253 K in a low-temperature chamber.
The obtained hydrate particles were crushed by the mortar and the pestle. The hydrate crystals
were made into tablets with a diameter of 10 mm and varying thicknesses (1-2 mm) by using
the tablet-making apparatus (Ichihashi-Seiki, HANDTAB-Jr) in the low-temperature chamber.
The thickness of each sample was accurately calculated from the weight and the volume of
water after melting. The error in the thickness is within 0.5%.

The tablet samples were measured using a THz-TDS system equipped with a dipole-type low-
temperature-grown GaAs (LT-GaAs) photoconductive switch as an emitter and a detector and
a Ti:sapphire laser (Mai-Tai, Spectra-Physics; A = 780 nm; repetition rate: 82 MHz; pulse width:
100 fs) as a femtosecond pulsed laser source. The femtosecond laser pulse is first separated into
a “pump pulse” and a “trigger pulse.” The THz pulse is generated at the photoconductive
switch by the pump-pulse illumination and collimated onto the sample by using a set of off-
axis parabolic mirrors and then collimated again onto the photoconductive switch antenna
detector using another set of off-axis parabolic mirrors. Since the temporal photocurrent is
generated only when the triggered laser pulse and the radiated THz pulse simultaneously
arrive at the photoconductive switch, we can directly obtain both the amplitude and the phase
of the radiated THz pulse by changing the optical delay and measuring the corresponding
change in the photocurrent.

For the low-temperature measurement, a gas-cooled cryostat made by PASCAL was used. The
temperature of the sample enclosure in the cryostat was maintained in the temperature range
of 20-240 K using compressed He. The sample enclosure, equipped with quartz windows for
transmitting THz waves, was positioned in the intermediate focal plane between the two sets
of parabolic mirrors. The ice tablets were held at the top of a sample rod placed in the center
between optical windows. During the initial sample setting, the sample rod was cooled by
liquid nitrogen. The temperature distribution of the sample enclosure was kept uniform by
circulating the helium cooling gas. Three thermistors surrounded the sample rod to monitor
and maintain the set sample temperature within 0.2 K. All measurements were done multi-
ple times, and each data is an averaged value.

The real and imaginary parts of the complex refractive indices, n(w) and k(w), of the samples
can be directly calculated from the following equations:

) — plwexp (o) m
n(w) = 2@ 4 4 2)
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where w is the frequency, Eq,m(w) is the fast Fourier transform (FFT) spectrum of the THz pulse
propagating through the samples, E,.f(w) is the reference FFT spectrum, p(w) is the transmis-
sion, ¢(w) is the phase shift, c is the light speed, and L is the thickness of the sample [35]. Using
these estimated complex refractive indices, we can obtain the real ¢’and imaginary ¢" dielectric
constants of the samples, as follows:

£(w) = @) ~ k) 4)

"

& (w) = 2n(w)k(w) 5)
3. Dielectric parameters of water ice and heavy water ice

The frequency dependence of the real part of the dielectric constants ¢’ of ice and heavy water
ice is shown in Figure 2. Both ices were measured over the frequency range of 0.2-1.4 THz at
20, 100, 200, and 240 K. As the frequency increased from 0.2 to 1.4 THz, ¢’ increased from 3.12
to 3.24 for water ice and from 2.96 to 3.07 for heavy water ice at 200 K. The data expressed by
open squares in Figure 2(a) are calculated, and values obtained from the reported complex
index of refraction are shown in Ref. [14]. Our experimental data shows good agreement with
the reported data at the same temperature. Lattice vibrations of the hydrogen-bonded water
molecules contributed significantly to the amplitude of ¢’ in the THz frequency range [14]. The
dielectric constant of heavy water ice is lower than that of water from comparison of both
results. This is caused by a difference of polarization in water or heavy water ice. The polari-
zation in heavy water ice is smaller than that in water ice, since a deuterium atom is heavier
than hydrogen atom.

According to previous studies, the ¢’ values for ice are constant from 0.1 MHz to 1 THz and
show complicated behavior beyond 1 THz, with the maximum occurring at a few THz
[10, 19, 37]. The frequency range of our measurements corresponded to the range used in these
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Figure 2. Frequency dependence of the real dielectric constant ¢’ of (a) water and (b) heavy water ice at 20, 100, 200, and
240 K. The reported data of water ice [14] are plotted in graph (a).
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previous studies; thus, in our measurements, it was expected we observe a local maximum
value for ¢’ of ice at several THz [10].

Figure 3 shows the temperature dependence of the real dielectric constant ¢’ for both ices at
0.26, 0.50, 0.75, and 1 THz. As the temperature increased from 10 to 240 K, ¢’ increased from
3.14 to 3.21 for water ice and from 2.95 to 3.04 for heavy water ice at 1 THz.

In previous reports of ¢’ of ice in the GHz regime, the temperature dependence of ¢’ has been
discussed with regard to the contribution of inharmonic effects to the molecular polarizability
a of lattice water [10, 12]. We can obtain a for water and heavy water ice in the THz frequency
range using the Clausius—-Mossotti equation:

Ni E/ -1

3= (i) ©
where N; is the number of molecules per unit volume. According to previous reports, the density
for ice is 0.917 Mgm™>; for heavy water ice, it can be estimated as 1.019 Mgm°. The estimated
values of a are 41.51 A® for water ice and 39.67 A® for heavy water ice at 1 THz at a temperature
of 240 K (Figure 4). The values of heavy water ice are lower than those for water ice under the
same conditions. This resulted from the mass of deuterium atoms. The molecular polarizability

is the sum of the electronic polarizability a,; (displacement of the molecules within the lattice)
and the infrared polarizability ajr (the vibration of the molecules within the lattice).

For ice, a, is independent of temperature; thus, the temperature dependence of a appears in
the ar term. Additionally, the ar of ice increases linearly with the square of the temperature
(T?) [10, 12]. Applying this discussion of the polarizability of ice to the present results, we
derived the following equation for the molecular polarizability a:

A= Q] + AR = Qel + X0, IR + aT? (7)

where ag 1z is the infrared polarizability at 0 K and a is an empirical constant. Using Eq. (7),
we determined that the fitted curves were in good agreement with the experimental results
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Figure 3. Temperature dependence of the real dielectric constant ¢’ at 0.25, 0.50, 0.75, and 1 THz for (a) water ice and (b)
heavy water ice.
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Figure 4. Molecular polarizability a of (a) water and (b) heavy water ice plotted versus temperature squared. The solid
lines are the fitted curves obtained from Eq. (7) at 0.25, 0.50, 0.75, and 1.00 THz.

(Figure 4). The values of o, + ag g and a derived from the fitted curves (Figure 4) are listed in
Table 1. The value of a in the range of 0.26-0.75 THz was ~ 8.6 x 107°, which was nearly
constant, but it increased beyond 0.75 THz. The real dielectric constant ¢’ of ice exhibited a
local maximum value at a few THz and showed complex behavior beyond 1 THz,
corresponding to the skirt region of the local maximum value [11, 19]. In the case of ice, the
real dielectric constant ¢ was almost constant in the range from GHz to sub-terahertz, and it
showed complicated behavior beyond 1 THz [11, 14, 19]. This behavior was consistent with
the results for a; thus, we concluded that the local maximum of &¢"” contributed to the
orientation polarization and affected the frequency dependence of a.

Figure 5 shows the frequency dependence of the imaginary dielectric constants ¢” of water
and heavy water ice over the range of 0.4-1.4 THz at 40, 100, 200, and 240 K. A block of data
with error is discarded in Figure 5. As the frequency and temperature increased, ¢” increased
over the range considered in this chapter. Our ¢” values approximately agreed with those
reported by Zhang et al. [14] at the same temperature. The frequency range below 1 THz
corresponds to the low-frequency tail of the infrared-absorption band of ice; thus, ¢” is
dominated by the contribution from molecular reorientation. Furthermore, the effect of
Debye relaxation may extend to this frequency range. However, the THz range is far from
the region dominated by the Debye relaxation. We therefore suggest that in the THz region,
the contribution from Debye relaxation which appears in a decrease with increasing fre-
quency is small for ”. Thus, a simple model for the frequency dependence of ¢" is the single
term that increases with increasing frequency because it corresponds to the low-frequency
tail of the infrared-absorption band at high frequency [11, 14]. Considering previous studies,
the equation for ¢" in this frequency range is denoted by:

e" = Aaw® (8)

where the coefficients A and B are temperature-dependent empirical constants. Applying this
formula to the results, we obtained values for A and B that gave fitted curves at each
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Water ice Heavy water ice

0.50 THz 1.00 THz 0.50 THz 1.00 THz
Qg+ agr / A® 40.2 40.8 38.0 38.6
alA K2 1.52 x 107° 1.15 x 107° 213 x 107° 1.89 x 107°

Table 1. Values of @ + a1z, and a derived from fitted curves in Figure 4.
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Figure 5. Imaginary dielectric constant ¢" of water ice (a) and heavy water ice (b) at four temperatures plotted double
logarithmically versus frequency. The solid lines are fitted curves obtained from Eq. (8). The reported data of water ice [14]
are plotted in graph (a).

temperature, as shown in Figure 5. As the temperature increased, parameter A increased;
however, parameter B decreased. This behavior is consistent with that of ice in the GHz range.
The fitted curves of heavy water ice are different from the experimental data at low frequency
and low temperature (Figure 5(b)). This may be caused by experimental uncertainty or events
that appear on heavy water ice at low temperatures.

Figure 6 shows the temperature dependence of ¢” of both ices from 20 to 240 K at two
frequencies. For all four parameters, ¢” increased with temperature. According to a previous
optical study of ice in the GHz regime, the temperature dependence of ¢” in the THz range is
determined by the A term in Eq. (8). However, in this chapter, parameters A and B of Eq. (8)
showed temperature dependence. We can approximate the temperature dependence of A and
B using the least squares method, as follows:

For water ice
A=19x 1072+ 22 x 107*xT in THz }(R* = 0.954) 9)

B=23 - 31x107°xT inTHz '(R* = 0.926) (10)

For heavy water ice
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Figure 6. Temperature dependence of the imaginary dielectric constant ¢” of water and heavy water ice at 0.50 and 1 THz.

A=57x10"°+ 32 x 10T in THz '(R* = 0.961) (11)

B= 37 — 93 x10°xT in THz }(R? = 0.997) (12)

These formulae fit the experimental results with good agreement, as noted by the correlation
coefficients R*.

In order to analyze the frequency and temperature dependencies of ¢”, approximation of these
equations should be considered from the viewpoint of the following factors. For ice, phenom-
ena such as Debye relaxation, acoustic phonon excitation, and infrared phonon absorption are
reported in detail in various ways [1, 19, 20]. The dielectric and optical constants of ice material
in the THz region may contribute to previous findings. For example, the glass transition of ice
at low temperatures is well known. This transition strongly dominates the hydrogen-bond
network; thus, information on the dielectric constants of ice over the given temperature range
may facilitate astronomy and remote-sensing applications.

4. Dielectric parameters of sulfur hexafluoride hydrate

Figure 7 shows our results for the frequency dependence of the real dielectric constant ¢’ of
sulfur hexafluoride hydrate in the range 0.3-1.0 THz at 100.6, 199.9, and 239.9 K. As the
frequency increases from 0.3 THz to 1.0 THz, ¢’ increases from 3.02 to 3.09 at 199.9 K. These
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Figure 7. Frequency dependence of real dielectric constant ¢’ of sulfur hexafluoride hydrate at 100.6, 199.9, and 239.9 K.

values are similar to but slightly lower than those for ice under the same conditions [14]. As for
the hydrogen-bonded crystal of the water molecules, a lattice vibration significantly contrib-
utes to the amplitude of ¢’ in the THz frequency range [14]. Hence, on the basis of a compar-
ison of the ¢’ values, the states of the hydrogen-bonding matrices of ice and gas hydrates,
including the nondipolar molecules, are observed to be similar. The difference in the polariz-
ability and the molecular density between ice and the gas hydrate is likely to contribute to a
slight difference in these ¢ values.

According to previous studies, the ¢’ values for ice are constant from 0.1 MHz to 1 THz and
show complex behavior beyond 1 THz. The maximum occurs at a few THz [1, 18, 19]. The
frequency range of our measurements corresponds to the above range, so we expect that a
local maximum for thee’ of the gas hydrate exists at a few THz, similar to the local maximum
for ice [19].

Figure 8 shows the temperature dependence of the real dielectric constant ¢ at 0.50, 0.75,
and 1 THz. As the temperature increases from 50 to 240 K, ¢’ increases from 3.00 to 3.03 at
500 GHz and from 3.02 to 3.08 at 1 THz. The rate of increase of ¢’ with temperature (de'/dT)
clearly increases beyond 0.75 THz.

Figure 9 shows the frequency dependence of the imaginary dielectric constants ¢" of sulfur
hexafluoride hydrate in the range 0.3-1.2 THz at 100.6, 199.9, and 239.9 K, together with the
reported values for ice [14]. As frequency and temperature increase, ¢" increases over the range
considered in this chapter. Our ¢" values approximately agree with those reported by Zhang
et al. for ice at the same temperature [14]. For ice, the frequency range below 1 THz is the low-
frequency tail of the infrared-absorption band so ¢" is dominated by the contributions from
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from Eq. (13).

molecular reorientation. Moreover, the influence of Debye relaxation extends to this frequency
range, and thus, a simple model for the frequency dependence of ¢" is the sum of two
components. One term is contributed by the Debye relaxation and decreases with increasing
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frequency. The other term increases with increasing frequency since it is the low-frequency tail
of the infrared-absorption band at a high frequency [12, 14, 28]. From previous studies, the
equation for ¢” in this frequency range is

¢ = (C/w) +Dat (13)

where the coefficients C, D, and E are temperature-dependent empirical constants. Applying
this formula to our results, we obtain the constants C, D, and E, which give the fitted curves at
each temperature, as shown in Figure 9.

As the temperature increases, parameters C and D increase but parameter E decreases
(Table 2). This behavior is consistent with that of ice in the GHz range.

Figure 10 shows the temperature dependence of ¢” from 50 to 240 K at four frequencies. At all
four frequencies, ¢" increases with temperature. According to a previous optical study of ice,
the temperature dependence of ¢” in the THz range is determined by term B in Eq. (13).
However, in this chapter, parameters C, D, and E of Eq. (13) all show temperature dependen-
cies. We can approximate the temperature dependencies of C, D, and E using the least squares
method, which gives

Temperature (K) C (THz) D (THz ) E

10.3 0.00137 0.0474 2.364
100.6 0.00172 0.0574 2.246
200 0.00289 0.0675 2.081
240 0.00477 0.0765 1.894

Table 2. Empirical coefficients C, D, and E obtained via least squares.
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C=14x10"*+ 3.0 x 107> exp(Tx2.0x107?) (14)
D= 46 x102+ 12 x 10*xT (15)
E=24-58x 1072 exp(Tx 9.1 x 107°) (16)

The curves fitted using these formulas fit the experimental results with good correlation
coefficients R*.

To analyze the frequency and temperature dependencies of ¢”, we have to consider the
approximation of these formulas in terms of the following factors. For ice, phenomena such
as Debye relaxation, the excitations of acoustic phonons, and infrared phonon absorption have
been reported in detail using various methods [11, 14, 19, 28]. For gas hydrates, there have
been few reports for this frequency range. In addition, the structures of gas hydrates are
different from those of ice. To investigate the dielectric parameters physically and chemically,
we need more information on gas hydrates in this frequency range.

Further, we have to consider the contribution of guest molecules to the polarizability and the
properties of the hydrogen bond of the gas hydrate. The hydration number of sulfur
hexafluoride hydrate is 17, and the sulfur hexafluoride molecule is nonpolar. We therefore
ignored the contribution of guest molecules. In the future, we will carry out a more detailed
dielectric study of gas hydrates, including the influence of guest molecules. Nonetheless, since
our results in this chapter show a good agreement between the experimental data and the
theoretical description, our analysis is reasonably accurate for the investigation of the dielectric
behavior of the gas hydrate in the THz frequency range.

5. Temperature dependence of the absorption of tetrahydrofuran

Conversely, the tetrahydrofuran hydrate of the same structure-II of gas hydrate has a broad
absorption peak around 0.5 THz (Figure 11). This characteristic absorption is not due to the cage
structure of the gas hydrate but due to the kinetics of the tetrahydrofuran molecule in the cage or
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Figure 11. (a) Absorption coefficients of tetrahydrofuran and propane hydrates and ice at 243 K. Inset (b): Subtract
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the interaction between the molecule and the cage. This is because propane hydrate does not
exhibit such an absorption peak and the tetrahydrofuran molecule has a larger dipole moment
than the propane molecule. A similar absorption peak was found by Klug and Whalley during
IR spectroscopy [6]; in their study, tetrahydrofuran hydrate showed two broad absorption peaks
at 25 cm ™! (~0.75 THz) and 38 cm ! (~1.14 THz) because of rotational oscillations of the tetrahy-
drofuran molecule at 17 K. Since these absorption peaks are integrated and broadened as the
temperature increases due to the reorientation of the tetrahydrofuran molecules and the occu-
pancy of higher-potential minima increases [6], the absorption peak observed in the tetrahydro-
furan hydrate probably originates from the rotational oscillations.

6. Summary

We reviewed optical properties of hydrogen-bonded materials that are ice, heavy ice, and gas
hydrates within a terahertz frequency and at a wide temperature region of 20-240 K. Fre-
quency and temperature dependencies of the complex dielectric parameter obtained from
THz-TDS measurements are described by a mathematical model. An increase in the real part
of the dielectric constants with frequency and temperature was observed on all materials.

In terms of the imaginary part of the dielectric parameter of the hydrogen-bonded materials,
the THz frequency corresponds to the skirt region of the infrared-absorption band. The imag-
inary parts of the dielectric parameter of the materials increased with frequency and tempera-
ture. The parameters are described by a function of a simple form.

Meanwhile, a gas hydrate which includes polar molecules showed specific absorption at THz
frequency. The absorption is based on the rotation of guest molecules inside the structure.
Hence THz-TDS can observe the dynamics of molecules in gas hydrates.

Although the optical behavior of the ice and gas hydrates including nonpolar gas molecules
was described by a similar model, small but certain differences between ice and gas hydrates
were observed on the value of the parameter. The difference corresponds to the difference of
the structures; hence, the optical properties in THz frequency provide meaningful information
for the hydrogen-bonded materials.
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Abstract

Terahertz fibers used for optical-sensing applications are introduced in this chapter,
including the dielectric wires, ribbons and pipes. Different analyte conformations of the
liquid, solid particle, thin film and vapor gas are successfully integrated with suitable
fibers to perform high sensitivities. Based on the optimal sensitivities, analyte recogni-
tions limited in traditional terahertz spectroscopy are experimentally demonstrated by
the terahertz fiber sensors. Using the cladding index-dependent waveguide dispersion
and high fractional cladding power of terahertz wire fiber, 20 ppm concentration
between polyethylene and melamine particles can be distinguished. When the
evanescent mode field of a terahertz ribbon fiber is controlled by a diffraction metal
grating, subwavelength-confined surface terahertz waves potentially enable the near-
field recognition for nano-thin films. Resonance waveguide field surrounding the
terahertz pipe fiber is able to identify the macromolecule deposition in subwavelength-
scaled thickness, approximately A/225. For inner core-confined resonance waveguide
field inside the terahertz pipe fiber, low physical density of the vaporized molecules
around 1.6 nano-mole/mm?® can also be discriminated.

Keywords: optical sensing, terahertz spectroscopy, terahertz optics

1. Introduction

Various dielectric fibers are introduced in this chapter for terahertz (THz) wave transmission
and sensing. Most of THz-electromagnetic power guided along the proposed fiber is
distributed in the air region, realizing long distance delivery of THz waves with low propa-
gation loss and dispersion. The detection sensitivity consequently increases due to the
sufficient field-analyte interaction length. Large portion of THz field evanescent in the air also
makes the waveguide mode quite sensitive to the slight refractive index variation of the

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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analyte surrounding the fiber. The sensitive feature of THz refractive index is advantageous
to minute material detection based on analyzing the propagation property change of
waveguide mode. In this chapter, we address not only the waveguide characteristics and
sensing mechanisms of the proposed THz fibers, but also the fiber-sensing schemes with the
highest sensitivities, experimentally achieved via optimizing the waveguide geometric
parameters. The introduced low-loss THz fibers are categorized based on their geometries
including the wire-, ribbon- and pipe-fibers. The former two fibers have the subwavelength-
scaled waveguide core and air cladding, allowing single mode transmission with loosely field
confinement. The analytes distributed in the air cladding significantly influences the fiber
dispersion of the waveguide modes. The pipe-fiber delivers and confines terahertz waves in
the hollow air core based on the anti-resonant reflecting waveguide principle, leading to
multiple resonant dips and exhibiting in the transmission spectrum. The analyte inducing
slight variation of the optical path in the pipe wall or hollow core is able to significantly shift
the resonant spectral dips. Such variation of waveguide dispersion or spectral shift for the
proposed terahertz fibers are successfully measured by the fiber-based terahertz time domain
spectroscopy to identify various minute analytes, such as subwavelength films, particles and
volatile vapors.

2. Subwavelength plastic wire sensor

2.1. THz waveguide field along a plastic wire

The THz wire fiber has a circular cross section as the fiber core and an infinite air cladding,
where the wire core size is smaller than the THz wavelengths and called as the subwave-
length fiber [1]. The subwavelength fiber used to guide electromagnetic waves was first
demonstrated in infrared frequency, performing a large portion of the evanescent power
outside the fiber core [2]. On the basis of the evanescent waveguide field, the wire fiber is
demonstrated to deliver THz wave in a long distance with very low waveguide loss. In this
section, the polystyrene (PS) wire with a step refractive-index profile is taken as one exam-
ple of a THz subwavelength fiber and its evanescent power in the air cladding is expressed
in Figure 1(a), which is calculated from the solutions of a general step-profile fiber [3]. The
core diameter and THz refractive index of the PS core material are, respectively, 300 um and
1.59 at 0.300 THz. Figure 1(a) shows the fractional THz power in the air cladding which is
increased with wavelength and the guiding power at 3 mm-wavelength almost entirely ex-
pands outside the fiber core. Obviously, the power percentage of a waveguide mode in the
air cladding exceeds 60% when the wavelength is longer than 1 mm. The large power ratio
in the air cladding greatly reduces the THz-wave propagation loss along the wire. Three
THz wavelengths, 0.75, 1.00 and 1.25 mm are observed for the relating across power distri-
butions in radial (inset of Figure 1(a)) and their modal sizes based on the full width at half
maximum (FWHM) are, respectively, 0.118, 0.438 and >6 mm. The waveguiding power obvi-
ously enhances near the core-cladding interface for the long wavelength waves. Such power
enhancement is thus highly sensitive to detect analytes surrounding the wire core [3].
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Figure 1. Calculation of the fiber-guiding THz-wave power ratio in the air cladding around a PS wire with a 300 pm
core diameter. (Inset) THz-wave power distributes in the cross section of a PS wire, where the black dash line and blue
dash dot line, respectively, indicate the wire radius, 150 um and the HE,; modal size range at the full with of half maxi-
mum (FWHM) power. (b) Calculation results of PS wire waveguide dispersion, which are normalized with the air clad-
ding index of 1.00 to observe the negative waveguide dispersion variation for cladding index increment up to 1.07
(Reprinted from Ref. [7] © 2009 OSA).

To assess the refractive index-sensing ability of the THz plastic wire fiber, the waveguide
dispersion of a PS wire (300 pm core size) under various cladding indices are simulated
(Figure 1(b)). The simulated results are normalized with respect to the lowest minimum val-
ue as “~1”for the negative waveguide dispersion in the waveguide dispersion spectrum.
When the cladding refractive index is modified from 1.00 to 1.07, the waveguide dispersion
dip becomes less negative and shifts toward a short wavelength [4]. The variation percent-
age of the waveguide dispersion dip, denoted as AD,; is approximately proportional to the
cladding index. For the case of a PS wire, AD,y; varies around 1% when 0.01 index incre-
ment at the fiber cladding is performed.

According to the theoretical results in Figure 1(b), it reveals that the variation of waveguide
dispersion dip is caused by the evanescent THz waves transmitted along different specimens
with various refractive indices, where the air-cladding index is partially replaced by the
analytes with higher refractive indices, i.e., >1.00. The plastic wire-sensing scheme is advan-
tageous to guide long-wavelength THz waves within a narrow bandwidth because of the loose
confinement and low transmission loss properties [5]. The fiber-sensing scheme, therefore,
provides one possibility to use a simple THz spectral system avoiding strict spectrum criteria
in the system, such as the broadband, high power or high frequency radiation. Advanced
applications in remote sensing or the integration with lab-on-a chip probably becomes
workable in THz frequency region by implementing this concept into practice.

2.2. Liquid-sensing results

Figure 2 schematically shows the optical configuration of a THz wire fiber-sensing scheme.
THz radiation is emitted and detected by a pair of photoconductive switches, excited by a
mode-locked pulse laser with a 100 fs pulse width, 80 MHz repetition rate and central
wavelength of 800 nm. Two off-axis parabolic mirrors with effective focal length of 75 mm
couple THz radiation from free space into the fiber. A 15-cm-long PS wire with a 300-um-core
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diameter is applied as a THz subwavelength fiber. After the 15-cm-long fiber propagation, the
output THz waves are collimated by a lens and a pair of parabolic mirrors to couple the guided
THz waves into a THz detector. The signal process of the measured THz waveform from the
plastic wire waveguide follows the operation principle of THz time-domain spectroscopy,
involving the amplitude and phase of an electric field oscillation [6].
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Figure 2. Optical configuration of a THz fiber system. (Inset) Geometric arrangement between the PS-wire-guided
evanescent wave and the liquid sample holder (Reprinted from Ref. [7] © 2009 OSA).

We conduct the liquid-sensing experiment by integrating a sample holder, made of polypro-
pylene (PP), beneath the PS wire for loading the liquid analyte. The PP holder contains two
liquid channels with different lengths of 1 and 3 mm and the same width (6 mm) and depth
(0.5 mm). A 10-pm-thick polyethylene (PE) film is covered on the top of liquid channels to
prevent liquid evaporation under the ambient temperature and pressure. The waveguide
dispersion can be derived from the phase difference of the transmitted THz waveform acquired
from PS wire integrated with PP holder with and without the analytes loading.

The phase difference for THz wave transmitted along the wire with and without liquid samples
is described as follows,

Ap = (o1 = Buirr1) — (12 — uirr2) (1)

where ¢,;; and ¢,;,;, represent the phases of THz waves pass through a L;-long PP channel with
and without a liquid analyte loading, respectively. Similarly, ¢,;, and ¢,;,;, refer to the phases
of THz waves propagating through L,-long PP channel with and without liquid analyte,
respectively. The phase difference according to Eq. (1) is only contributed from THz wave along
the |L, - L,| -long PS wire with the liquid analyte in the cladding region and the 2 mm-length
(i.e., difference between 1- and 3-mm-long liquid channels) is specifically designed to sense
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liquids with a sufficient signal-to-noise ratio to get the reliable phase difference. For other
analytes with lower THz refractive index comparing to the liquid analyte, increasing the length
difference of the two liquid channels is suggested. Based on the definition of a propagation
constant, B = |L; - L,| -A¢ = 2mn,4/A, the effective refractive index (n,5) of the THz wavelength
(A) can be derived by substituting the measured A¢ in Eq. (2).

n=— AP )
T2 (Ly - 1) @

The measured waveguide dispersion (Dy,) along a PS wire with the sample cladding is then
obtained from Eqg. (3), relating to the group velocity (V,) as formulated in Eq. (4). For different
liquid samples loaded in the sensing scheme of Figure 2, the performed propagation constants
(B) along the PS wire are certainly distinct to shift the feature of the negative waveguide
dispersion curves, approximate to the calculation results of Figure 1(b).

Dy = d(:jl) 3)
yoo_22C 1
T 4

On the basis of the geometric parameters of the wire radius (r), channel depth (D,) and the
separation between the wire and the liquid surface (D,) as illustrated in the inset of Figure 2,
the percentages of the waveguide mode spreading in the liquid and air space can approxi-
mately be estimated. Based on the spreading ratio of waveguide mode and effective medium
concept, the theoretical effective refractive indices of waveguide mode relating the liquid
samples can be estimated and the theoretical waveguide dispersion can consequently be
calculated based on Egs. (3) and (4). In experiment, the pure water and ethanol are employed
as standard analytes to verify the fiber-sensing modality. The variation of waveguide disper-
sion at the spectral dip is successfully observed while the water and ethanol individually
interact with the evanescent waves of the PS wire. The measured variation percentage of the
waveguide dispersion dip well agrees to the theoretical calculation [7]. The result further
reveals only the variation in the negative waveguide dispersion without the significant spectral
shift as shown in Figure 1(b).

Figure 3 shows the sensing result to recognize minute polymer powder grains dissolved in the
ethanol, where the polymer powder grains are PE (434,272 ultra-high molecular weight,
surface-modified polyethylene powder, Sigma-Aldrich Inc.) and melamine (Melamine,
Nippon Bacterial Test Co., Ltd.) materials. A small amount of the both grains are mixed in
ethanol solutions separately with various concentrations, 20-100 ppm (part per million, i.e.,
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one milligram powder per one liter of ethanol in this case). The pure PE grains usually cannot
be dissolved in ethanol; however, the used PE grains are modified as polar surfaces for a higher
solubility in ethanol. In the ethanol solution, melamine powders are slightly solute and its
solubility is larger than that of PE grains due to the polar molecular structure [8].
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Figure 3. PS wire waveguide dispersions for liquid samples in the cladding, which are pure ethanol mixed with differ-
ent concentrations of (a) melamine and (b) PE powders. It is normalized by the pure ethanol condition at the negative
dispersion dip to observe their dispersion variation performance (Reprinted from Ref. [7] © 2009 OSA).

As illustrated in Figure 3(a), apparent variation at waveguide dispersion dips is indeed
observed while increasing the melamine concentration from 20 to 80 ppm in ethanol solutions.
However, the variation of waveguide dispersion dips in the PE-ethanol solution occurred only
when the PE concentration is altered from 20 to 40 ppm as shown in Figure 3(b). Because the
effective-cladding index of PS wire is changed with the solute concentration of analyte, the
waveguide dispersion of THz waveguide mode is also modified and agrees with the theoretical
prediction as shown in Figure 1(b). Comparison between Figure 3(a) and Figure 3(b), the
waveguide dispersion dip variations (AD,) at the powder concentration of 40 ppm are 21 and
18%, respectively, for melamine- and PE-ethanol solutions. It implies more melamine grains
can be dissolved in an ethanol solution, comparing to the PE grains. Such different dissolving
abilities is reasonable because the polarity of melamine is higher than that of PE, which is easier
to be dissolved by a polar liquid, ethanol.

3. Plastic ribbon fiber sensor

3.1. Subwavelength confinement using a metal grating integrated THz ribbon fiber

A subwavelength plastic ribbon has been demonstrated as alow-loss THz waveguide to deliver
loosely confined THz waves with bandwidth of about 1 THz [9] for a long distance. Similar to
the aforementioned plastic wire, the waveguide mode power of the ribbon fiber also mostly
spreads in the air cladding. However, the ribbon fiber core is nonsymmetrical different from
the circular core of a plastic wire and able to guide a broader bandwidth than that of a plastic
wire. To excite the waveguide mode of the subwavelength ribbon fiber, the polarization
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direction of the input THz waves should be parallel to the ribbon thickness, i.e., perpendicular
to the thin-film surface.

Although the evanescent wave of a subwavelength fiber is highly sensitive to the refractive
index variation in the air cladding, the much extensive modal field is not suitable to sense
micro-particles or over layers in subwavelength scales. Subwavelength optics provides the
schemes to visualize or sense those subwavelength-scaled analytes in the near-field region
and the plasmonic waveguide [10] is one of the notable near-field sensors. To confine the
evanescent waves along a THz ribbon fiber, the feasibility to increase the waveguide refrac-
tive index via integrating the ribbon fiber with a period metal structure is presented in this
section. Figure 4(a) schematically depicts the hybrid THz plasmonic waveguide, constructed
by one plastic ribbon and a 1D periodic metal grating. The diffraction metal grating has a
length of 50 mm, a width of 15 mm and a thickness of &, machined on a brass sheet with a
lattice constant of 1.5 mm and a slit width of 1 mm. It is attached on one side near the output
end of the ribbon fiber. The ribbon fiber is made of a 20-um-thick, 15-mm-wide and 22-cm-
long PE plastic thin film.

Input THz waves
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Figure 4. (a) Configuration drawing of the planar hybrid plasmonic waveguide. (b) Phase-variation spectrum contrib-
uted by different metal grating thicknesses. (c) Variation spectra about the effective waveguide refractive indices in
different metal grating thicknesses (Reprinted from Ref. [13] © 2013 OSA).

Using a one-dimensional metal grating to generate and deliver THz spoof plasmons has been
presented for the waveguide loss and dispersion properties [11]. The slit width and depth of
a diffraction grating have a significant impact on the field confinement and propagation
distance of the transverse magnetic (TM) polarized THz waves [12]. The ribbon fiber delivers
TM waveguide mode, matching the polarization criterion of the THz spoof plasmons. As
presented in Figure 4(a), TM-polarized THz waves are edge-coupled to one end of the ribbon
fiber from the free space, forming the weakly confined waveguide mode to propagate through
a 170-mm-long fiber length. The stabilized waveguide mode would then directly enter a 50-
mm-long integrated metal grating waveguide. When the loosely confined THz waves illumi-
nate on the metal grating, partial transmission along grating periods occurs due to the
mismatch in the cross-modal field and effective waveguide index. With the same slit width of
1 mm and grating period of 1.5 mm, we discuss the impact of various metal grating thicknesses,
including 100, 200 and 400 pum, on the modal confinement of the propagated TM-wave.

69
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The propagation vectors of the reflected and transmitted THz waves on the diffraction grating
follows the momentum conservation relation as Eq. (5),

K, +K, =Ky @)

where the vectors of K;,, Kz and K, are, respectively, the propagation constants of the input and
reflected THz waves along the ribbon fiber as well as a grating wave vector. The grating wave
vector, K, equals 2rtm/A where m and A are individually the Bragg diffraction order and the
grating period. The directions of propagation constants, K;, and Kj, are opposite but have the
same magnitude of 2rtvn,/C for THz waves propagated along the integrated ribbon fiber,
where v, C and n,; are, respectively, the THz wave frequency, speed of light in a vacuum and
an effective waveguide refractive index. The diffraction grating works to reflect THz waves
exactly at the Bragg frequencies in different orders, which can be derived as mC/2n/ from
Eq. (5). In the case of 1.5-mm-period metal grating, there are two narrow low-transmission
bands found in experiment, caused by the Bragg reflections, respectively, at near 0.300 and
0.400 THz. Such spectral dip exactly at Bragg frequency is the result of phase-matching
between the ribbon- and grating-waveguide modes. In experiment, the low order Bragg
reflection dips, near the 0.100 and 0.200 THz, cannot be found because the large cross section
of input THz wave leads to the low efficiency of coupling with the grating [13].

Figure 4(b) shows the measured results of the phase retardation (A®) of THz waves after the
50-mm-long propagation of the metal gratings with different thicknesses. The retarded THz
wave phase is only considered from the metallic grating contribution because the PE ribbon
fiber is normalized with the defined phase difference, AD = @ —Dy,,., where @ and Dy, are,
respectively, THz-wave phases of the electric-field oscillation passing the 220-mm-long ribbon
fiber with and without the 50-mm-long metal grating. Equation (6) expresses refractive-index
variations (An) relating to the phase difference (A D).

CA
0= o) ©

The light speed in vacuum, THz wave frequency and the length of a metal grating are, respec-
tively, denoted as C, v and L in Eq. (6). The refractive index increment resulted from the metal
gratings with different thicknesses is therefore illustrated in Figure 4(c) based on Figure 4(b)
and Eq. (6). The results show 100-pum-thick grating slightly performs the phase retardation of
the guided THz waves, which is much smaller than those of the 200- and 400-um-thick gra-
tings. When the grating thickness increases to 200-pum thickness, zero phase difference occurs
at 0.300 and 0.400 THz, representing the phase-matching condition, i.e., Qg = @, between
the ribbon guided THz waveguide mode (K;,) and the reflected surface plasmonic (SP) modes
of the hybrid waveguide (Ky) via the metal grating (K,) structure. For those ribbon-guided
THz waves with the zero phase difference, their power can be completely transferred to the
spoof surface plasmon polaritions (SPP)modes and reflected through the Bragg reflection,
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corresponding to the zero-refractive index variation for index matching between the two
modes (Figure 4(c)).

The effective waveguide modal indices along the metal grating are obviously larger than those
of a blank ribbon waveguide and proportional with the frequency increment within the
deliverable frequency range. The waveguide theory expresses the high waveguide refractive
index is able to confine the extended EM fields close to the waveguide core as a small spatial
mode [14]. The metal grating delivering THz waves approximate to the modal field of a
dielectric waveguide. Itis found the 400-pum-thick grating performs the largest phase difference
and effective waveguide index within 0.300-0.360 THz and <0.260 THz because of the largest
across section to interact input THz waves. More closely confined THz SPPs can therefore be
guided along the 400-um-thick grating, instead of the 200- and 100-pum-thick gratings.

Figure 5(a) shows the measured and simulated decay lengths on one side of the bare ribbon
and hybrid grating waveguides with different grating thicknesses. The waveguide decay
lengths with and without metal grating decrease as the frequency increment of THz waves.
The minimum decay length of the blank ribbon is around 0.56 mm at frequencies beyond 0.300
THz. However, the decay length is apparently extended for THz frequency below 0.350 THz
while the ribbon-guided waves input the 100-um-thick metal grating. Contrarily, the decay
lengths shrink above the 200- and 400-pum-thick metal gratings for THz frequencies, respec-
tively, approaching the 0.300 and 0.250 THz. The trend about these decay lengths can also be
obtained in FDTD calculation.
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Figure 5. (a) Measured and calculated decay lengths of the guiding THz waves along a blank ribbon and different inte-
grated gratings with 100, 200 and 400 pm thicknesses (Reprinted from Ref. [13] © 2013 OSA). (b) Sensing configuration
of a plastic ribbon fiber integrated with a metal grating (Reprinted from Opt. Express 21, 21087-21096 (2013). © 2013
OSA).

3.2. Particle sensing using a hybrid THz waveguide

In a traditional THz spectroscopy, to recognize solid particles with size much smaller than
THz wavelength, the required analyte amount should be sufficient to form tablets and the
thickness should be precise in order to obtain the correct THz information. For minute ma-
terial detection, a versatile and flexible THz-sensing platform is necessary. This section in-
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troduces the particle-sensing methodology using the metal-grating-integrated hybrid THz
waveguide and assesses its detection ability. The sensing scheme is schematically plotted in
Figure 5(b), where the particle analyte is located on a dielectric substrate which is attached
on the metal grating of the hybrid waveguide. The particle loaded membrane substrate is
entirely covered above the metal grating, becoming one part of the hybrid plasmonic wave-
guide and to facilitate passing through the subwavelength confined THz surface plasmonic
waves (SPWs). The evanescent fields of the THz-SPWs interact with the particle analyte in a
sufficiently long distance, leading to the enhanced THz response in spectrum. Due to the
multiple reflections from the metal grating at Bragg frequencies, the optical paths of THz
waves in the hybrid waveguide are obviously longer than those on the bare ribbon. The
long optical path makes the guided THz-SPWs quite sensitive to any slight variation of die-
lectric analytes located within the evanescent field range of waveguide mode. The propaga-
tion constants of the resonant waves are equal to 27mn,/C, where n,, v and C denote the
effective refractive index, resonant frequency of the THz-SPWs and light speed in vacuum,
respectively. For a specific grating period /A and an incident angle, the resonant frequency of
a THz-SPW is inversely proportional to the effective refractive index of the hybrid plasmon-
ic waveguide (n,5).The change of the effective refractive index related to surrounded analyte
would thereby change the resonant dip in THz transmission spectrum, providing a straight-
forward spectral feature for the sensing application.

To conceptually demonstrate the minute particle-sensing capability using the hybrid wave-
guide sensor, a chemical compound of Bi,CulSe; with irregular grain shapes and nonuniform
particle sizes, <300 um, is considered as a sample under test in the experiment. Different
amounts of compound analyte are prepared to produce distinct effective indices of the THz-
SPW propagated on the hybrid waveguide for sensitivity test. A 60-um thick, 50-mm-long and
15-mm-wide PE film was used as a sample substrate and attached to the grating surface to
adhere the analyte (Bi,CulSe;) in different quantities (e.g., 16.5, 29.3 and 55.3 pmole). The
analytes with different amounts are individually loaded on the PE substrate to be sensed by
the SPWs and the fourth-order resonance dip can be found performing evident spectral shifts
(Figure 6(a)). For the blank PE-film substrate and sample loading amounts of 16.5, 29.3 and
55.3 umole, the transmission dips are, respectively, at 0.276, 0.266, 0.259 and 0.237 THz.
Obvious spectral shift can be found because of the granular particles contributing the high
material dispersion in THz frequency as illustrated in the inset of Figure 6(a).

Figure 6(b) summarizes the resonant dip-shifts of THz-SPWs that relate to waveguide-index
variations obtained from different thicknesses of blank PE substrates and different quanti-
ties of chemical compounds on a 60 um-thick substrate. For different thicknesses of the
blank PE substrates, their spectral responses are resulted from the distinct waveguide index
variation, ranging from 0.2 to 0.467, because of their different substrate thicknesses. A fitting
curve (black line in Figure 6(b)) is presented as a quadratic function. The detection sensitivi-
ty of the hybrid plasmonic waveguide can be considered as the tangential slope of each data
point, defined as the frequency-shift range per refractive index unit, i.e.,, Av/An. Using dif-
ferent PE substrate thicknesses in the sensing scheme, the estimated sensitivities based on
20, 50 and 90 um thicknesses are, respectively, 261, 197 and 159 GHz/RIU. The particle-sens-
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ing ability using a 60 um thick PE film as substrate shows the spectral shift is almost linearly
proportional to the waveguide index variation (An) within An range of 0.395-0.626, as indi-
cated by the red fitting line in Figure 6(b). Based on the slope of the linear fitting curve (red
line), the sensitivity is estimated as 163 GHz/RIU which is less than the sensitivity of the 60
um thick thin film (~187 GHz/RIU acquired from the slope of the quadratic fitting curve in
Figure 6(b)). Therefore, a uniform overlayer can be more easily detected than a powder ana-
lyte based on the waveguide-sensing scheme even though the granular material has consid-
erably high THz-wave dispersion.

The sensing performance of the hybrid THz plasmonic waveguide dependent on the poly-
nomial fits in Figure 6(b) is then discussed on the sample substrate of a 20 um thick PE film,
whose sensitivity is about 261 GHz/RIU. Its thin-film detection ability approaches to 1.8 um
when the thin film index is 1.50 and the spectral resolution is down to 0.004 THz. The opti-
cal path difference (OPD) is approximately 2.7 um and the thickness resolution can
approach A/289 of the 4th-order resonance wave at 0.380 THz. For sensing the powder on
the substrate of a 60 pm thick PE film (163 GHz/RIU), the minimal detectable molecular
quantity is approximately 13 pmole on the 15 mm-wide and 50 mm-long substrate area, cor-
responding to the molecular density of 17.3 nano-mole/mm? When the spectral resolution is
further decreased to 1 GHz, 454 nm-thick thin film (681 nm-OPD) could be resolved in the
resonance spectral shift. Therefore, the hybrid waveguide-sensing scheme is certainly com-
patible with the planar terahertz metamaterial [15] to act as a sensitive thin film sensor in
THz frequency for nano-thin film detection. Metal hole array and planar terahertz metama-
terials are difficult to sense nonuniform and random distributed particles, even though the
highest sensitivity of metal hole array approaches 2 THz/RIU [16]. In the hybrid waveguide-
sensing scheme, the particles layer can be considered as an effective waveguide cladding of
the hybrid plasmonic waveguide sensor to induce the waveguide index change from vari-
ous particle quantities.
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Figure 6. (a) Waveguide transmission spectra for different amounts of powder analytes loaded on a PE film substrate;
(inset) THz refractive index spectrum of a tablet-formed compound Bi,CulSe;; (b) relation between effective waveguide
refractive index variation (An)and the spectral shift range (Av) of the fourth-order SPW resonance, which is compared
with the blank grating condition (Reprinted from Opt. Express 21, 21087-21096 (2013). © 2013 OSA).
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4. Dielectric pipe fiber sensor

4.1. Overlayer-sensing principle

A THz pipe fiber is a hollow tube which is composed of a ring-shaped dielectric cladding and
an air-core; it has been demonstrated as a broadband and low-loss THz waveguide [17]. The
dielectric ring cladding, inherently served as a Fabry-Pérot resonator, can transmit THz waves
in the hollow core based on anti-resonant reflecting optical waveguide principle (ARROW)
[18] to form multiple transmission peaks in a transmission spectrum, called as antiresonant
modes. The resonant modes of the ring-shaped Fabry-Pérot resonator leak out of the ring
cladding and form dips in a transmission spectrum [19]. The spectral dip position of a resonant
mode is closely related to the thickness and refractive index of the ring-shaped cladding. A
thin film attaching to the ring waveguide cladding is able to change the resonant condition of
the THz pipe fiber and results in resonant-frequency-dip shift [20]. Sensing the tiny variation
inrefractive index or thickness of an adsorbed molecular film near the ring cladding is therefore
applicable.

A double-layered Fabry-Pérot model is proposed to calculate the resonant mode of the THz
pipe fiber with a composite cladding [21], where the effective thickness of the sample or the
cladding is defined as Eq. (7),

[ 2 2
Teld or fim = Qeld or fimy\|Meld or fim — 10 » (7)

where the dy,,, 4, and n1.,, 5, are the physical thickness and the refractive index of pipe wall or
thin-film analyte, respectively. A calibration experiment is conducted by attaching different
thicknesses of PE films on the ring-shaped pipe wall to estimate the sensitivity for thin-film
detection. It is found that the sensitivity of thin-film detection is proportional to THz resonance
wavelength, where long THz resonance wavelengths are equivalent to the low-order resonant
modes of the pipe fiber based on the fundamental of ARROW waveguide. For thin-film-sensing
application by the THz-pipe fiber, the low order resonant mode with long wavelength is thus
able to perform high sensitivities for those analyte thicknesses down to subwavelength scales.
The calibration results also show the pipe with a thin pipe wall has a higher sensitivity,
comparing to the thick pipe wall made of the same material. We take into account the effects
of pipe-wall thickness, index and THz resonance wavelength on sensing capability and the
thin-film detection sensitivity (S,) can be deduced in Eq. (8), where 7., and 1, are defined in

Eq. (7).

A
Sy =—"""— (8)
Teld * 7 fim

From Eq. (8), approaching highly sensitive THz pipe-fiber sensor can be described as following
two conditions. One way is that the effective thickness of a pipe cladding (7 ;) should be small
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when the dip shift is observed at a specific resonant wavelength (A,,) for a certain thickness of
the thin-film analyte (74,). The other way is the low-order resonant modes, i.e., long resonance
wavelengths, A, are suggested to be employed under the geometry of a pipe sensor for sensing
analyte. More evanescent power is surrounded the ring cladding for the lower-order resonant
modes to perform the higher sensitivity, comparing to the shorter resonant wavelengths. For
a low index or a small physical thickness of pipe-wall, a resonant THz wave will be loosely
confined in the waveguide cladding and results in more THz evanescent power surrounding
the pipe-wall for efficient interaction with the analyte thin films near the waveguide cladding.

Based on the result of the calibration experiment, a PP tube with the highest sensitivity is used
to probe the macro-molecular overlayer adhered on the pipe inner-wall. The PP pipe fiber used
to sense the macro-molecular layer has a length of 15 cm, a cladding (i.e., pipe wall) thickness
of 0.29 mm and an inner-core diameter of 12 mm. Different thicknesses of the macro-molecular
overlayers are prepared by dissolving different amounts of carboxypolymethylene powders,
named as carbopol 940 (Boai Nky Pharmaceuticals Ltd.), in water with different weight-
concentrations, including 1, 2, 3 and 4%. The Carbopol 940 powder belongs to macromolecular
material with molecular weight about 104,000 g per mole, corresponding to 1450 monomer
units [22]. The carbopol liquids have high viscosity, adhering to the inner pipe wall and forming
macro-molecular layers via gravity-driven flowing and natural evaporation.
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Figure 7. Estimated thicknesses of carbopol micro-molecular layers for different concentrations of the carbopol solu-
tions. (Inset) The transmission spectra of the first resonant mode along a 0.29-mm-thick pipe-wall PP tube, loaded with
various thicknesses of the macro-molecular layers (Reprinted from Ref. [21] © 2010 OSA).

The waveguide spectral features in Figure 7 show different macro-molecular layers with
different physical thicknesses can be detected from the spectral shift of resonance waveguide
modes. The 1 resonance mode wavelength is at 0.654 mm and shifted toward the long
wavelength range when increasing the concentrations of carbopol aqueous solutions. The
spectral shift of the resonant dip is owing to the different thickness of macro-molecular layer
adhered on the PP cladding and the distinct thickness of molecular over layer is formed by
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different viscosities of carbopol solutions [18]. The wavelength spectral positions (A,,) of the
resonant dips are 0.661, 0.669, 0.676 and 0.700 mm, respectively, for 1, 2, 3 and 4%- carbopol
aqueous solutions. The thicknesses of the carbopol molecular layer can thus be estimated
through the double-layered Fabry-Pérot models illustrated in Figure 7, where the THz
refractive index of the carbopol-layer is around 1.2. In Eq. (9), the resonance wavelength,
physical thicknesses and refractive indices of PP-pipe wall, macromolecular layer and the inner
core refractive index are, respectively, denoted as A,, d;, ny, d,, n, and n,,.

2(d1\/n12—n§ +d2\/n%—n§) ©
/1 —

m =

m

The estimation shows the thicknesses of carbopol-molecular layers are around 5.3, 11.3, 16.7
and 34.3 um, respectively, for the 1-, 2-, 3- and 4%- solutions. The minimum detectable thin
film thickness of the PP-tube-sensing scheme can therefore be estimated with the sensitivity
of 0.0030 mm/um and the system spectral resolution, ~0.0057 mm. Taking a carbopol-layer as
an example, the detectable thickness increment can be down to 2.9 um (~A/225), corresponding
to the resolution of carbopol molecule quantities as low as 1.22 picomole/mm? However,
molecular resolution limited in the spectral dip shift would be resulted from the broadened
bandwidth at the resonance wavelength, which is observed in the inset of Figure 7. The
interference theory explains the same intensity of interfered waves performs high visibility
[23], but the case of carbopol-layer has obvious THz waves absorption to decay the interference
visibility with broadening resonance bandwidth.

4.2. Vapor-sensing principle

The THz pipe fiber can provide a sharp spectral line-width of resonant mode with a large
portion of evanescent field spreads outside the pipe cladding, facilitating to integrate with
various biochips for highly sensitive molecular sensing. Such evanescent wave characteristic
is difficult to achieve in the metallic cavity type bio-sensors despite they possess the ultrahigh
quality factor (or Q-factor) for sensing applications [20]. In addition, the pipe fibers are easy
to commercially acquired without any complex fabrication. Based on above advantages, the
dielectric-pipe-fiber-based refractive index sensor could potentially be applied in micro-fluidic
systems for bio-chemical detection and inspecting industrial pollutants. Many industrial and
environmental pollutants are toxic gases and harmful to animals. This section further intro-
duces the capability to identify various vapors using the resonant modes of pipe fiber. To
demonstrate vapor sensing, a pipe made of glass material is taken as the sensing fiber to prevent
the volatile analytes from eroding/damaging the pipe-wall. In the vapor-sensing experiment,
a small amount of different volatile liquid droplets is individually injected into the glass pipe
and completely evaporate into vaporized molecules in the sealed hollow core under normal
ambient condition. The transmitted THz waves and the vaporized analytes are simultaneously
confined in the same channel to provide a sufficient interaction length and result in sensitive
detection of minute vapors.
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According to Eq. (10), the resonant dip wavelength (A,) changes with inner core refractive
index (n,,), and various vapors in the hollow core can thus be identified by detecting the
spectral shift of a certain resonant dip (m).

[ 2
2 :w’mzl,z,&“ (10)

m
m

To realize a highly sensitive detection of vaporized analyte in the hollow core, the resonant
waves in the pipe wall must be sufficiently evanescent toward the hollow core because the
sufficient interaction is required. Based on the transverse power distributions of resonant
waves in a pipe waveguide [24], the higher THz transmission power in the hollow core is ob-
served in the higher-order resonant-dip, i.e., the dips in the high frequency range. Figure 8(a)
shows the vapor-sensing example based on a 30 cm-long glass pipe, possessing the inner core
diameter and the pipe-wall thickness are, respectively, 5.57 and 1.17 mm. The vapor inducing
dip-frequency-shift only occurs in a resonance dip of 0.452 THz and other resonance dips in
the low-frequency range do not exhibit any spectral shift. It does not follow the simulated
results in Figure 8(b) because the leaky power of the low-order resonance-wave in the hollow
core is insufficient to sense the vapor molecules. It also practically presents the evanescent field
strength of a pipe resonant modes within the inner core is critical for the vapor sensing.
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Figure 8. (a) Spectral dip shift of the glass-pipe resonance wave at 0.452 THz for sensing different volatile liquids. (b)
Theoretical estimation of the inner core refractive indices to match the related spectral dip positions for the vapor-sens-
ing results. (c) The spectral relation of the inner core refractive indices for different vapors. (d) Relation between the
spectral dip shift and the related molecular densities (Reprinted from Ref. [24] © 2012 OSA).
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The vapors are prepared by dropping 0.05 cm? liquids individually of water, hydrochloric acid
(HCl), acetone and ammonia inside the hollow core of glass pipe with vapor pressure satura-
tion. The sensing result shows the spectral dip at 0.452 THz can be shifted with different levels
(Figure 8(a)), locating at 0.461, 0.465 and 0.477 THz, respectively, for the hydrochloric acid,
acetone and ammonia vapors. Trying to match the spectral dip position, the effective inner core
refractive indices can be calculated by FDTD method (Figure 8(b)), which are 1.016, 1.035 and
1.102, respectively, for the vapors of hydrochloric acid, acetone and ammonia. The relation is
then summarized in Figure 8(c) between the spectral dip frequencies and the effective core-
indices of the glass-pipe fiber, which is filled with different vapors. Those inner core refractive
indices are distinct due to the different vapors even though the same liquid volume is inserted
inside the pipe hollow core. The relation between the effective inner core refractive index and
resonance frequency in Figure 8(c) can be fit with one polynomial to evaluate any slight index
variation inside the pipe hollow core. For the example of water sample, the relating spectral
dip is consistent with and without inserting the vapor because of the considerably low density,
comparing to those volatile liquids. It means the effective inner core index of water case
approximates to 1.0.

Different volatile liquids have individual vapor pressures at normal atmospheric pressure and
temperature. There are different quantities of vaporized molecules in the same hollow core
volume. Vapor pressures of volatile liquids are proportional to the quantities of vaporized
molecules in the same chamber. High vapor molecule density in the hollow core eventually
results in the higher effective core-index than the air core, performing apparent blue shift at
the resonant spectral dip at 0.452 THz. When we consider the vapor pressures in literatures
for water, hydrochloric acid, acetone and ammonia at 1 atmosphere and 20°C, their saturated
vapor pressures are, respectively, around 17 mm-Hg [25], 38 mm-Hg [26], 202 mm-Hg [26] and
308 mm-Hg [25]. Thereby, the effective core-index is proportional to the increase of the sample
vapor pressure. When the vaporized molecular density is estimated on the basis of the ideal
gases, the corresponding densities are illustrated in Figure 8(d). The relation is fit with one
nonlinear curve, representing the blue shift level would cease approaching the value of 10
nano-mole/mm?®. The minimum detectable molecular quantity would be approximately 7.8
micromole in the glass pipe, corresponding to a molecular density of 1.6 nano-mole/mm?® when
the system spectral resolution is about 4 GHz.

5. Conclusion

In this chapter, THz fiber sensors are successfully demonstrated in a PS-plastic wire, a PE-
plastic ribbon integrated with a metal grating, a PP- and glass pipes. The presented fiber
sensors are highly sensitive to the existence and variation of minute molecules and enable
sensing analytes with different formations, including the liquids, powder grains, vapor gases,
thin films and overlayers. A subwavelength plastic wire fiber has large percentages of
evanescent field surrounding the fiber cores and there is negative waveguide dispersion
sensitive to the refractive index variation in the air cladding. Fluidic channel is successfully
integrated to detect minute concentration of melamine grains dissolved in the ethanol solutions
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ranged from 20 to 80 ppm. A plastic ribbon fiber also has the extended evanescent waveguide
modes, butitis further advantageous to integrate a metal grating becoming a hybrid plasmonic
waveguide based on the optical properties of a THz ribbon fiber, including the TM polarized
wave guidance and the broadband transmission. When the optimal overlapping between the
metal grating and ribbon waveguide modes, subwavelength confined surface waves can be
excited and used for sensing powder grains or thin-film analytes. When the spectral resolution
of THz system is reduced down to 1 GHz, the nano-scaled OPD detection could be realized
by the plastic ribbon fiber sensor. The dielectric pipe fiber with a hollow air core is also
considered as one important THz fiber sensor because of the built-in resonator along the pipe
wall. To achieve highly sensitive detection, the applicable resonant modes for thin-film and
vapor detections are absolutely different because of the different cross locations of the target
analytes. Using the pipe fiber to adsorb liquids with high viscosities as one thin film layer on
the inner pipe wall, the low frequency resonance modes or small pipe wall thicknesses are
required to achieve the best sensitivity due to the much extended evanescent resonance field.
For sensing the inserted vapors at the pipe hollow core, the sensitive THz waves contribute at
the high order resonant modes because their resonant field well confined at the inner core
efficiently interacting the vapors. In the sensing experiments, the detectable overlayer thickness
and vaporized molecular density via THz pipe fiber sensors can be reduced to 2.9um (~A/
225)and 1.6 nano-mole/mm?®, respectively.
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Abstract

It is indispensable to integrate electronics with environment for better lives. Huge
amount of solar energy, dark energy, and unused microwave energy is untapped till
now due to insufficient availability of high frequency THz detectors. The difference
between THz wave detection and THz electric field detection must be clear. THz wave
detection connects the detection of explosives, drugs, astronomy, metals, and imaging
applications, etc. On the other hand, THz electric field detection involves the conversion
of electromagnetic (EM) radiations to usable DC power. The optimum choice of detectors
for energy harvesting is a highly diverse area. The latter part is concentrated on the non-
linear behavior of the incoming radiations and has been highlighted also. In this chapter,
metal-insulator-metal (MIM) diode detectors have been explored to become a best choice
for high frequency detectors.

Keywords: metal-insulator-metal (MIM) diodes, terahertz detectors (THzD), rectenna,

tunneling

1. Introduction

In order to fulfill the world energy demands increasing day by day, itis perquisite to have some
alternate for the conventional energy resources and energy harvesting methods. Since last few
decades, advancement in the field of the THz rectification reveal another way to develop
highly sensitive uncooled THz detector. Undoubtedly, a terahertz measurement requires a
highly sensitive detector to obtain distinct spectra. One problem faced by the detection of
THz waves is low photon energy of milli-electron volts (meV), making the development of a

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIN



84 Terahertz Spectroscopy - A Cutting Edge Technology

high-performance terahertz detector a difficult task. By serendipity, accurate modeling and
applications of the nanoscale materials and devices have conquered these difficulties.

There is a fine line between the egoistical requirement and legitimate demand of energy
around the world. By 2030, the demand for energy is projected to increase by 55%, while
requirement of oil is increased from 11.4 to 17.7 billion tons [1]. Between 2005 and 2030, energy
consumption is expected to increase by 50%, with the bulk of the demand coming from devel-
oping countries. The energy provided by the Sun at the Earth's surface on 1 day is more than
enough to fulfill the needs of the whole Earth for more than 25 years, if utilizes efficiently. But
due to low conversion efficiency, a prevalent commercial usage of solar energy is hardly seen.
A portion of the increasing developments, utilizing the enhancement in nanotechnology may
be able to change this situation. During the clear climate conditions, the Earth gets 1000 W/m?
solar irradiation from the Sun [2]. This enormous energy received from the Sun has opened
the ways to look for novel systems to convert unused energy radiated continuously from the
Sun into usable electricity. The continuous research results in environmentally friendly and
clean energy sources and will replace our conventional sources of energy such as coal, gas, oil,
hydro, combustible, petroleum energy, nuclear energy, etc. By-products of these sources lead
to greenhouse effects and the solar energy is considered to be the most excellent substitute for
it as compared to other energy resources. There is a good scope for renewable/green energy
corner as its share is less than 1% as compared to present energy resources.

The requirements of efficient energy utilization could be estimated from the fact that dur-
ing the 2012 Olympics held in London, organizer had managed new facilities with energy
efficient, sustainable, and recyclable designs and they cut down the watts to maintain the
games clean, green, and energy efficient. The London games had left a benchmark as the
most energy-efficient Olympics to till date. A similar kind of legacy is being followed by Rio
Olympics 2016. This scenario has motivated the researchers toward exploring renewable
energy and unused energy resources (dark energy, unused heat and radiations).

Rectenna is one of the energy harvesting devices, which is a combination of rectifying high
frequency diode and an antenna. Rectenna (Rectifier antenna) is a system that is capable for
harvesting the infrared and visible wavelengths. The heart of the rectenna system is a metal-
insulator-metal (MIM) device that can convert such an energy collected by nanoantenna into
usable electric energy.

2. Why THz region?

A lower electromagnetic (EM) region has been occupied for mobile communication systems,
and the higher EM region has been occupied for optical communication. However, the THz
region is still untapped and has not been completely in use, and this regime has become
of colossal importance in extensive disciplines. This region embraces numerous aspects of
space research, medical studies, atmospheric studies, natural science, plasma physics, defense
and security, process control, etc. The close correlation of electrons and THz radiation is also
reflected in the use of THz spectroscopy, which is a contemporary field for the researcher to
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attract toward it. THz spectroscopy is publicized to provide insight into the electron mobility
in semiconductive and conductive nanostructures (like in MIM nanostructures and tunnel-
ing spectroscopy) that are suitable for fast electronics systems, which are used to convert
solar power into electrons. MIM diodes are able to work in semiclassical and quantum region
(Figure 1) further broader this window.

It is also applicable for nonlinear optics and image spectroscopy. THz imaging has become
a significant function in this region. The initial development of the premature terahertz time
domain spectroscopy was the innovation that a range of materials, which are opaque in the
visible and near-IR region together with clothing and packaging materials, are reasonably
transparent over a great extent of the THz range [3]. Room temperature operation of the infra-
red and far infrared frequencies detectors too increased the interest toward this region.

The popularity of the study of this region can be estimated by the fact that about 50% of the
luminosity and most of the photons energy emitted since Big Bang of the space are contained
by the THz radiations [4]. Every technology has dark side as well as brighter one; research in
THz range has been obstructed by the absorption of the Earth's atmosphere amongst various
main factors is the water vapors present there.

Region of Quantum Region of Region of
Semi-classical Classical
ST Transition Transition
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THz MIM Detectors able to
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Figure 1. Schematic of the EM spectrum shows the working region for MIM devices.

3. Rectenna made easy

We are more than 7 billion today and multiplying every second around the globe. Specialists
believe that further 50% extra energy will be required by 2050 to prolong humanity.
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Nevertheless, it does not mean that population is the only stumbling block, but the ever
inflating ego and diminishing humanity is also responsible for more energy needs. There is
a fine line between the egoistical requirement and legitimate demand of energy around the
world. Among various developed countries, Americans build up no more than 4.5% of the
world's population and yet consume almost 20% of its energy. Its energy consumption is truly
extraordinary [5]. In order to cope up with these problems, appropriate measures intended at
reducing the dependence on the present fuels are needed, and the exploration for clean and
renewable unconventional energy resources is one of the most urgent confront to the sustain-
able development of creature evolution.

There are several unconventional sources of energy like thermal energy, nuclear, vibration,
wind, water, solar energy, etc. Solar energy is estimated to provide a significant contribution
for the solution of energy problem today. Just a small portion of the Sun's energy that hits the
Earth is sufficient to meet all our power needs. A little amount of the solar energy reaching
the Earth is utilized for producing electricity by using present solar systems. Still the energy
demand met by using solar energy is very less. Solar cells based on photovoltaic technology
have many applications in solar ponds, vehicles based on solar energy, water pumps, lights,
satellites calculators, solar telephones, and many more. But there are several shortcomings of
this technology in terms of bulky solar panels, costly installation, low conversion efficiency, and
dependencies on the weather conditions. The photovoltaic technology used for energy harvest-
ing has limitation of maximum conversion efficiency by the Shockley-Queisser limit. However,
in comparison the rectenna system is able to provide monospectral radio frequency-DC (RF-
DC) with a conversion efficiency of 100% [6]. Moreover, photovoltaic technology is expensive
and some poisonous by-products are produced during the manufacturing process. Therefore,
in this perspective to obtain high efficiency, a green source of renewable energy, rectenna, has
emerged as one of the best solutions for meeting the growing energy demand. A system that
converts unused EM radiations and radiations from the Sun into usable DC is a rectenna sys-
tem. It consists of a high frequency antenna to capture the incoming signal and provides the
signal to prerectification block. The band-limited signal from prerectification block has been
converted to DC which after sufficient filtration applied to output load, as shown in Figure 2.

Fre- —v THz Diode | —

Rectification |~ | Detector 1 Filter — DC Qutput

Antenna

Figure 2. Block diagram of rectenna system.

The term rectenna, i.e., rectifying antenna, was coined by William C. Brown, he used an array
of diodes for conversion of incoming microwave power into DC [7]. However, the rectenna
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system in contrast also suffered from limited multispectral efficiency. The progress in the
computer-aided design structure has currently cut down the design processes, in which com-
plex electronic circuits such as high-frequency filters, antennas, and rectenna can be designed
with a high level of buoyancy and reliability at very low cost and in small period of time.

3.1. Nanoscale antennas

For the collection of the EM field which is a combination of electric and magnetic fields, opti-
mized antenna design and analysis must be taken care. Maxwell's field equations describe the
full apparatus of EM fields. Antenna’s geometric structure to associated wavelength and its
polarization play a very important role. The receiving antenna must be located in the plane of
polarization antenna for highest absorption of the electromagnetic fields. Several THz detec-
tors and emitters establish the polarization with associated spectral response, e.g., dipole
antennas are mainly based on linear polarization, whereas systems in incoming fields can
either respond circularly, elliptically, or linearly polarized light [8].

Several nano-sized antennas, available [9-11] to capture the small wavelength signals, are
half-wave dipole, spiral-type, Bow-Tie, Yagi-Uda, etc. The shape and size of the antenna is
very important for THz energy collection. The um-shaped antenna is required to collect the
small wavelength signals. Latest nanotechnology for terahertz detection has now demanded
for diode-integrated antennas or antenna-coupled diode detectors. The schematic diagram of
integrated antenna with diode is shown in Figure 3.

Baily gave the concept of capturing the solar power with antennas for the first time employing
the wave nature of incoming power [12]. Antenna-coupled detectors with micro-bolometer,
metal-insulator-metal diode, and Schottky diodes have been used for detection in the sub-
mm-wave and mm-wave regions with various antenna configurations [13, 14]. The surface
plasmons are generated on the antenna due to incident EM radiations. Due to the appropriate
impedance matching between the antenna geometry and the coupled MIM diode, these plas-
mons transfer to diode and it generates output DC.

2 el

Incoeming RF

radiations to
antenna

_—

Output

4

Load

Figure 3. A typical schematic of antenna coupled diode detector.
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3.2. Potential detectors available

Commonly available detectors for high-frequency (HF) range are Schottky diode, geometric
diode, and MIM/MIIM. High challenges are involved in designing of these detectors due to
complex geometries involved, HF challenges and increased fabrication cost. Nevertheless,
due to the advancement in technology, highly optimized diode detectors are available nowa-
days which perform well up to several hundred THz.

3.2.1. Schottky diode detector

For THz detection, a long time battle has been continued between Schottky and MIM diodes
[15]. The n-doped GaAs semiconductor is the key contender for THz applications, used in the
metal-semiconductor structure. Schottky diode's series resistance is high-frequency-depen-
dent parameter and essentially becomes a complex function of device geometry and material
conductivity [16]. The diode conversion efficiency /], [17] is the key to determine the system's
performance given by

3 DC Output power 1
Ndiode = RF Power incident on diode M
Let
_ 1
Ngiode = A+B (2)

The low-frequency term is given by
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The cut-off frequency of Schottky is given by
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where R is the DC load resistance and R, is the diode's series resistance, c; is the junction
capacitance, V. is the diode's built-in voltage in the forward bias region, V, is the self-bias
voltage due to rectification across the terminals of the diode, 6_ is forward-bias turn-on angle
depends on diode input power, « is the angular frequency. For higher frequency operation,
the diode series resistance and junction capacitance must be lower. Planar Schottky diodes are

=
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able to operate at higher frequency with additional cooling mechanism required. Moreover,
Schottky diodes cannot operate at zero bias; hence, MIM diodes are the best choice.

3.2.2. MIM diodes

The MIM diode is a combination of two metal plates separated by a very thin insulating layer
of the order of few nanometers. The contact area between upper and lower layer determines
the active device area. The area may vary from few um? to several hundred um? depends
upon the operating frequency. There are various parameters needed to be optimized for high
conversion efficiency like metal work function, insulator electron affinity, and its thickness,
which are responsible for the best detector. The dependencies of these parameters can be
estimated from the fact that the small deviation (in the range of A) of an insulating layer and
diode area can cause a significant change in the tunneling characteristics, and I-V responses
[18]. Depending upon the application involved, the type of detector will be used. Comparison
of different parameters has been shown in Table 1. Also, the fabrication of geometric diodes
and other geometric field enhancement diodes is much more complex and expensive in com-
parison with MIM diodes. Detailed comparative analysis of these diodes has been discussed
in our previous publication [19].

3.2.3. Geometric diode

It is the geometry of the device, which allows a preferential motion of charge carriers in a
direction defined by its geometry. The asymmetric structure of the device forces to flow the
charge carriers in one direction only, and it rectifies an alternating current as a result and
hence gives the diode like actions. The diode acts as a funnel for the flow of carriers moving
from left to right or right to left (depends on the design of geometry), with restricted flow in
one direction and ease flow in other direction as shown in Figure 4. These diodes are able to
convert from few THz to 1000 THz into usable DC [20].

Parameters Detectors

Schottky MIM Geometric
Max frequency of Up to 30 THz [21] Up to 150 THz [22] Up to 28 THz [23]
operation
Minimum size of active NA 1 um? [24] 1 nm (neck length) [23]
area
Zero bias resistance NA Few 100 kQ [25] Few 10 kQ [26]
Diode capacitance Few fF [27] 1.8 x 10"° F [28] 1.8 x 107 F [28]
Applications For few THz detection For few 100 THz detection ~ For few 100 THz detection
Fabrication complexity Small High Very high

Table 1. Comparison of High high-fFrequency detectors.
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Figure 4. Schematic diagram of geometric diode.
4. Metal-insulator-metal (MIM) diodes

MIM diodes are the successor of Schottky diodes. The Schottky diodes have been rou-
tinely used for high-frequency applications like rectification and mixing. MIM diodes are
not influenced by parasitic capacitors as compared to Schottky diodes. Extremely broader
bandwidth, minute size, room temperature operation, effortlessly integrability with CMOS
innovation [28], and zero bias voltage requirements are different encouraging factors for
MIM diodes to be investigated with increased interest from last two decades. It is an excep-
tionally encouraging innovation for terahertz regime. The femtosecond quick exchanging
time of these diodes makes them valuable in numerous low power and ultra-fast appli-
cations going from rectenna sunlight-based cells as an energy harvesting device [29] to
imaging, sensing, and hot electron transistors, also in numerous refined microelectronic
products such as switching memories, display devices (LCD backplanes), field emission
cathodes [30], etc. MIM diode is a thin-film device in which the electrons tunnel through the
insulator layer from the first metal layer to the second metal. Figure 5 shows the schematic
representation of the MIM diode.

Charge transport across the insulator occurs due to quantum-mechanical tunneling of elec-
trons. A similar concept applies to MIM diodes, the process in which a particle penetrates or
tunnel via the energy barrier in place of jump over it in contrary to classical mechanics. When
the electron reaches the barrier, the insulator in between the metal electrodes absorbs some
part of the energy passes through the barrier reaching to the second electrode, but another
part reflects back due to some irregularities in thee insulator. How much the energy absorbs
and reflected originally depends upon the different characteristics of material used such as
work-function difference of metal electrodes, electron affinity of the insulator material, thick-
ness of the barrier, applied potential energy, etc.
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Insulator Layer

.\ Glass Substrate
Bottom Metal

Figure 5. MIM diode schematic diagram.

Due to the tunneling phenomena involved, the energy beam absorbed makes it travel at ultra-
high speeds. The speed is much higher than that on a normal conductor or a semiconduc-
tor like silicon. Tunneling is a highly nonlinear phenomenon, and hence these diodes are
exploited for the rectification, mixing, and detection of alternating currents at very high fre-
quencies even in the THz spectral region. Figure 6 shows the typical schematic diagram of the
MIM band and Fowler-Nordheim tunneling method.

The frequency response of the diode is governed by the resistor-capacitor (RC) time constant.
Higher the cutoff frequency, lower the capacitance and resistance. The impedance of the
diode must be close enough to the impedance of the antenna for maximum power transfer,
and the capacitance must be minimized for operation at THz frequencies. Thickness cannot
be decreased to facilitate tunneling, hence only area is left to be altered. Krishnan et al. report

Fowler Nordheim tunneling occur
at large bias in MIM diodes

|
.lllil

e Tunneling -

Metals work function (W) # Metalz
work function (¥z)
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Metal 1 Insulator
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Figure 6. A typical schematic of MIM band diagram with FN tunneling.
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the fabrication of terahertz MIM diode, the atto-farad capacitance (107) is required, which
further needs the device areas less than 100 nm x 100 nm for typical material systems which
require e-beam lithography. However, this challenge of fabricating such nanoscale geometry
has been overcome to a large extent by using modern lithographic techniques. Miniature-
size diodes can be fabricated with the modern ultra-fine deposition techniques, such as
e-beam lithography, reactive sputtering, etc., with small size, higher cutoff frequency, and
thin insulating layer. Table 2 lists these features of the MIM devices fabricated using dif-
ferent techniques.Table 2 lists these features of the MIM devices fabricated using different
techniques.

Trade-off between asymmetry and diode junction resistance can be overcome using multi-
layer structure [34]. In comparison to the MIM diode, the tunneling current can be easily
engineered in such multi-insulator MIM diodes by simply altering the type and number of
insulators. This changes the number of barrier heights present at each interface and conse-
quently the I-V characteristics. Reasonably good results for asymmetry and nonlinearity have
been obtained by means of such diodes [35]. Among multi-insulator MIMs, the double insula-
tor (MIIM) is a common preference [36].

4.1. Tunneling probability

Probability of electrons penetrating the insulator layer is called as tunneling probability. It
is also called as transport probability, it is the ratio of the number of electrons incident on
the interface with the electrons that reflected back. In order to tunneling take place, the two
metals having insulators in between must have different work functions. When a bias voltage
is applied between the metal electrodes of MIM diode, the potential barrier is reduced and
charge carriers start tunneling between the two electrodes through the thin-film. Tunneling
occurs in either direction, but by proper choice of metal electrodes with different work func-
tions, the magnitude of the tunneling current will become larger in one direction than in the
other direction. The tunneling current is calculated using Simmon's method [37]. This method
assumes low-temperature operation hence neglecting thermal currents and incorporating
tunneling as the main electron transport mechanism.

MIM Active area Insulator Patterning Cut-off freq. Ref.

combination thickness technique

Ni-NiO-Ni 110 x 110 nm? 3.5 nm E-beam 30 THz [31]
lithography

Ni-NiO-Cr 1.6 um? 3nm E-beam 94 GHZ [32]
lithography

Ni-NiO-Ag 3.1 x10* pm? 6 nm E-beam 343 THz [33]
lithography

Cu-CuO-Cu 2 %2 pm? 2 nm E-beam/reactive - [34]
sputtering

Table 2. Comparison of MIM diodes fabricated using latest deposition methods.
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Different algorithms such as TMM (transmission matrix method), WKB (Wentzel, Kramers,
and Brillouin) approximation, and NEGF (nonequilibrium green function method) have
been developed for calculating the tunneling probability. Simmon provides an approxima-
tion of a finite probability of electron penetration in the course of the insulator using WKB
method. But this method overvalued the transport current. NEGF formulism is the method
used to calculate the tunneling transmission probability. Using NEGF approximation, the
total number of electrons emitted from left electrode and right electrode can be taken into
consideration by defining two quantities, namely, left electrode and right electrode coupling
functions, Figure 7 shows the application of NEGF formulism to MIM diode [38]. TMM is also
a powerful fast method for the analysis of transport properties of nonhomogeneous systems
[32]. These algorithms have been compared for the calculation of transport probability in [39].
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Figure 7. A typical schematic diagram showing the application of NEGF to MIM diode.

5. Modeling, fabrication and characterization of MIM diodes

An efficient modeling of MIM diode enables an investigator to predict the optimum material com-
bination and device geometry for desired current-voltage characteristics. The accuracy of model-
ing depends on correct estimation of modeling parameters such as applied bias voltage, barrier
thickness, dielectric constants of the insulator layers, and effective mass (assumed to be unity).

Various research groups are working to design an accurate model for rectenna system using dif-
ferent software such MATLAB, PSpice, Mathemaica, ADS, etc. [32, 34, 40]. We had not combined
MIM diodes with antennas but modeled and fabricated MIM diodes for using two combinations
(aluminum and chromium) of materials and assume the incoming energy to diode to be 100%.
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5.1. Simulation

The diodes are simulated using model [35] and fabricated diode's I-V characteristics have
been verified also. This simulator models the current density of MIM diode assuming a
perfect insulator for a solely tunneling based analysis of current-voltage characteris-
tics. We simulated the MIM diode for (Al-Al,o, Cr) in MATLAB for current density and
nonlinearity.

5.2. Fabrication

For the fabrication of MIM diode, the aluminum (work function of 4.28 eV) is used for the
preparation of bottom electrode, and aluminum dioxide Al,0, (having electron affinity of
1.25 eV) is used as a barrier layer after plasma oxidation of aluminum. For top electrode, chro-
mium (work function of 4.5 eV) is used having sufficiently higher work function comparative
to other materials with similar work function like titanium, niobium, and silver [41]. The basic
steps involved in the fabrication of MIM diodes are explained below.

5.2.1. Substrate preparation

The substrate on which the MIM diode is fabricated is a microscopic glass slide, which
is optically flat and smooth on both sides. The reason for using a glass substrate is that it
is a transparent material, inexpensive, and readily available. Yet another reason is that, if
silicon is used, it needs to be oxidized to form SiO, before the metals could be deposited
to prevent the shorting of metals with the substrate. Since glass as a substrate needs to be
cleaned before fabrication. Complete process for cleaning has been followed as explained
in Ref. [34].

5.2.2. Metal deposition

The metal deposition for MIM diode is done by thermal evaporation. Two fundamental
requirements for the metal to be deposited are the adhesion to the substrate and a smooth uni-
form surface. The fabricated MIM diode with the base metal made of aluminum and top metal
made of chromium. The metal has been deposited using smart coat 3.0 by the thermal evapo-
ration method. This method involves heating a material to the point of evaporation, usually
at a pressure of around 10-° mbar. The smart coat is cleaned properly by IPA or acetone. Using
an automatic mode, the materials are loaded in the chamber and the deposition has been
done. Thickness is accumulated at the program deposition rate. Basically, the potentiometer
is controlling the current supply providing to the filament and accordingly controlling the
rate of thickness A/s, more the current more the rate of thickness. The rate of deposition can
be monitored on the display panel. Mainly the current value is dependent on the material that
are depositing, for example, for Al (aluminum) it will have 10—15 A current value and for Au
(gold) it required >70 A. Vibrations on the crystal holder produced due to external factors or
due to internal vacuum pumps inside the smart coat 3.0 may vary the readings on thickness
monitor. For the desired thickness (kA) continuous monitoring is required. Figure 8 shows
the smart coat 3.0 used for metal deposition.
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Figure 8. (a) Smart coat machine for thin-film deposition (b) Inside smart coat chamber.

5.2.3. Oxide formation

After loading the material in the smart coat chamber, the insulator layer is formed (using an
aluminum mask) by the exposure of the oxygen (or argon) gas applied at a rate of 20-30 psi for
a period of 10-12 minutes to form the plasma oxides on the base metal. Comparatively, thin
layer with low impedance is formed in comparison with other deposition techniques. Similar
procedure is used for the formation of top metal electrode as used for bottom electrode. After
following the procedure completely, the final device is formed. Figure 9 shows the fabricated
diode and the mask used.

Figure 9. Fabricated MIM diode and mask used.
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5.3. Electrical characterization
5.3.1. Experimental setup

The setup to measure the I(V) characteristics of the fabricated MIM tunnel diode is shown
in Figure 10. It includes a probe station and a source meter. The source meter used is Model
2450 from Keithley instruments, which can vary the voltage from +5 uV to 220 V and can
measure current from 10 pA to #1 A. The source measurement unit is connected to a probe
station, and the measurements were taken so that any interference affecting the device could
be avoided. This way a test bed was set up in which the device testing has been conducted.
Figure 10 shows the DC setup used for characterization of diode. The voltage sweep range set
to be in low voltage in the values of few millivolts and the maximum sweep was selected from
1 to +1 V in order to get a proper I-V characteristics.

Figure 10. Setup for DC characterization.

Chromium is supplied with a negative bias and aluminum is supplied with a positive bias.
The probes are lowered very slowly, so that the probe making contact with the top electrode
is just in contact and the second probe on the bottom electrode is scraped a bit to ensure the
proper contact with the aluminum.

5.3.2. DC characteristics

The DC characteristics of the fabricated diode MIM (Al-Al0,-Cr) include the I(V) character-
istics and the nonlinear characteristics. The responses of the diode are obtained with a biased
voltage of +1 V. The I(V) characteristics of the fabricated MIM diode which are compared with
the simulated one and are in good agreement with is shown in Figure 11. Maximum current
density observed is 2 x 10* A/cm? at 0.8 V which is less in comparison with the theoretical
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Figure 11. Measured DC characteristics of (Al-Al,o, Cr) MIM diode, (a) current versus voltage relationship (b)
nonlinearity versus voltage.

value due to some imperfections in fabrication processes. However, the nonlinearity is
approximately 3.1, which is close to the modeled value.

6. Conclusion

Accurate detection and modeling of transport characteristics for any energy harvesting sys-
tem are the main key for the calculation of I-V characteristics of MIM diode for THz energy
harvesting applications. Due mainly to some poor characteristics of detector system the
most of the harvesting systems suffered a lot. The MIM diode is one of the most suitable
candidates for terahertz energy harvesting applications. Most of the innovations are the
results of anterior modeling and fabrication of the device that result in better performance of
the detectors. Since the future MIM detectors may incorporate thin insulating layers, which
may result in structural irregularities; therefore, its meticulous modeling and optimum
fabrication methods are essential before the actual implementation of the device. Potential
approaches and factors responsible for designing most critical rectifying diodes operating
at terahertz frequencies are discussed, and one of the material combinations for MIM diode
has been modeled and characterized. It will augment the capability of naive researchers in
identifying the latest THzDs to be used, their limitations and solutions to derive new paths
for energy harvesting.
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Abstract

The purpose of this chapter is to familiarize the reader with metamaterials and describe
terahertz (THz) spectroscopy within metamaterials research. The introduction pro-
vides key background information on metamaterials, describes their history and their
unique properties. These properties include negative refraction, backwards phase
propagation, and the reversed Doppler Effect. The history and theory of metamaterials
are discussed, starting with Veselago’s negative index materials work and Pendry’s
publications on physical realization of metamaterials. The next sections cover measure-
ment and analyses of THz metamaterials. THz Time-domain spectroscopy (THz-TDS)
will be the key measurement tool used to describe the THz metamaterial measure-
ment process. Sample transmission data from a metamaterial THz-TDS measurement
is analyzed to give a better understanding of the different frequency characteristics
of metamaterials. The measurement and analysis sections are followed by a section
on the fabrication process of metamaterials. After familiarizing the reader with THz
metamaterial measurement and fabrication techniques, the final section will provide
a review of various methods by which metamaterials are made active and/or tunable.
Several novel concepts were demonstrated in recent years to achieve such metamateri-
als, including photoconductivity, high electron mobility transistor (HEMT), microelec-
tromechanical systems (MEMS), and phase change material (PCM)-based metamaterial
structures.

The views expressed in this paper are those of the authors and do not reflect the official
policy or position of the United States Air Force, Department of Defense, or the U.S.
Government.
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1. Introduction to metamaterials

In the field of metamaterials, “meta-atoms” are designed to resonate and respond to stim-
uli in a similar manner as normal atoms [1]. From a macroscopic perspective, a matrix of
meta-atoms can be viewed as a single homogeneous material —a metamaterial —with altered
material properties. Meta-atoms designed to have electric and magnetic resonances are the
base units of electromagnetic metamaterials. These have altered values of electric permittiv-
ity and magnetic permeability, which in turn results in a modified refractive index. Acoustic
metamaterials, with altered mechanical material properties such as Poisson's ratio, have also
been demonstrated [2]. In order to rightfully be considered a homogenous material, the meta-
atoms constituting the metamaterial must be sufficiently small. For electromagnetic metama-
terials, the meta-atoms need to be at least an order of magnitude smaller than the wavelengths
of the desired operating frequencies [1].

Metamaterials are appealing because they offer the ability to artificially create custom mate-
rial characteristics without having to depend on the fixed characteristics of existing materials.
These metamaterials can further be designed to have exotic properties that are not seen in any
naturally existing material. V.G. Veselago, in a paper in 1968, first considered and described
the physical properties that would result from a material with simultaneously negative values
of permittivity and permeability. Such materials are known as left-handed media [1].

In left-handed media, electromagnetic waves have a negative phase velocity; the waves seem-
ingly follow the left-handed rule instead of the normal right-handed one. In addition, negative
refraction occurs on a boundary between an ordinary and a left-handed medium. Negative
refraction also causes left-handed concave and convex lenses to have reversed behavior: the
concave lens converges light, and the convex lens diverges it. Surprisingly, a flat slab of left-
handed material can even be used as a focusing lens [3]. Other exotic effects include inverse
versions of the Doppler effect, Cerenkov radiation (i.e., radiative shock waves induced by
high-speed particles traveling through a dielectric medium), and the Goos-Hénchen shift (i.e.,
a finite lateral shift between an incident beam of finite extent and its reflected counterpart) [1].

Although Veselago had established theoretical groundwork for understanding the nature
negative-index materials, experimental demonstration of these materials would not occur for
a few decades [3, 4].

J.B. Pendry in the late 1990s was the first to examine the fabrication of materials with cus-
tomizable permeabilities and permittivities. In 1998, he demonstrated that a thin wire mesh
would excite low frequency plasmons, meaning that the mesh would have customized, effec-
tive homogeneous permittivity values at low frequencies; these values could even be negative
[4]. Soon after, he proposed a split-ring resonator (SRR) structure, which could analogously
produce a desired effective permeability (including negative values) in the GHz range [5]. The
structures he proposed, especially the split-ring resonator structure, are now ubiquitous in
metamaterial devices at all frequencies.

The unique properties of metamaterials make them prime targets for research in the RF and
photonics fields, where metamaterials can be used for enhanced lensing, beam steering, and
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phase shifting. Metamaterials have also greatly advanced the field of cloaking by freeing up
the restriction of only being able to use naturally occurring materials and their material proper-
ties. Several different cloaking techniques have been demonstrated using metamaterials [6-9].

The THz spectrum has much potential for future applications, ranging from communications
to bomb screening. Unfortunately, since most materials are transparent in the THz frequency
range, controlling THz waves via modulation and other techniques is much more difficult when
compared to electronic or optical devices and systems; metamaterials can help fill this technol-
ogy gap. Since metamaterials can, in theory, be specifically designed to have certain material
properties, they can interact with THz waves in ways that normal materials cannot [10, 11].

2. Metamaterials analysis and measurement

The split-ring resonator (SRR) is the fundamental unit cell used in a multitude of metama-
terial designs. SRRs are split metallic rings meant to resonate with electromagnetic waves
with wavelengths much larger than the SRR structure itself. The first SRRs proposed by
Pendry consisted of two circular, concentric rings with oppositely oriented splits, as shown in
Figure 1(a). For the sake ease of fabrication, SRRs fabricated in the THz range typically have
a much simpler geometry, like shown in Figure 1(b).

-

Figure 1. (a) Original SRR proposed by Pendry [5]; (b) a typical SRR shape used in THz research [11], [12].

SRRs are not the only method of generating resonant responses. In theory, pieces of metal in
any geometrical shape can act as a resonator, albeit at frequencies determined by the geom-
etry. For example, simple structures like rectangular hole arrays support surface wave polari-
ton (SPP) resonant modes that can also strongly enhance incident radiation [13]. However,
SRRs have two characteristics that make them desirable for use in metamaterials. SRRs couple
well with the magnetic portion of electromagnetic waves due to its loop-like structure. This
potentially allows SRR-containing metamaterials to have a frequency band with negative per-
meability. Second, the SRR is easily conceptualized as a simple LC resonator circuit, which
allows one to quickly predict its lowest order resonant frequency.

As a basic approximation, the entire loop (ignoring the gap) can be viewed as a one-turn
inductor and the gap as a parallel-plate capacitor. These quasi-static assumptions require that
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the dimensions of the SRR be much smaller than the wavelength of electromagnetic fields
assumed to be passing through them (which conveniently is the same requirement needed
to produce effective material properties from metamaterials). The wavelength of electromag-
netic waves in free space at 1 THz is 300 pm, so metamaterial unit cells designed to operate in
this range should have maximum dimensions of around 30 pm or less. The basic equations for
the inductance, capacitance, and estimated resonant frequency of an SRR are

2 t 1 1 ¢ 8

~y B = tw ~ Lyl oL c 8
LNlLlUt, C~€r€0 g/ ﬁdealNZTz IC _27'1\/—8: w2’ (1)

where t is the thickness of the SRRs, y, is the vacuum permeability constant, I is the SRR side
length, ¢ is the relative dielectric constant, ¢ is the vacuum permittivity constant, w is the line
width of the SRR, g is the gap width of the SRR, and c is the speed of light in vacuum [14-16].

The lowest order resonance of a SRR can be adequately described by a quasistatic model
incorporating capacitors and resistors. The higher order resonances, however, cannot be mod-
eled in such a manner. The original SRR in Figure 1(a) can be modeled as a transmission line
due to the presence of two distinct conductors [17]. The single SRR in Figure 1(b) has only one
conductor and thus cannot support any transmission line modes. Single SRRs can, however,
produce evanescent modes confined to the surface, known as plasmon resonances. These
plasmonic resonances occur at frequencies that have half-wavelengths, which are multiples
m of the perimeter of the SRR:

1 m
oy ¥ @

where cis the speed of light, ¢, _is the effective permittivity constant, lis the side length of the
square SRR, g is the gap length of the SRR, and m is a positive integer greater than or equal to
1 [1]. The LC resonance can also be interpreted as the lowest order plasmon resonance, with
m =1 in the above equation [18].

These equations can only serve as basic approximations for the resonant frequency of a fabri-
cated SRR. This is especially true in the THz range, where limits on feature size lead to non-
idealities such as significant wire widths and gap widths. If more accuracy is desired, more
precise equations need to be utilized for the inductance and capacitance terms for the LC
resonant frequency, and the effective SRR perimeter seen by higher order resonances will dif-
fer from simply (4/ - g), depending on the current distribution through the width of SRR. As
an alternative to an analytical solution, SRRs can instead be modeled using electromagnetic
simulation software such as CST Microwave Studio, ANSYS HFSS, or COMSOL.

Fabricated THz SRRs can be measured and characterized using THz time-domain spectros-
copy (THz-TDS). In THz-TDS, broadband THz pulses are passed through a sample and then
are Fourier transformed to obtain spectral data. A simple planar SRR structure is shown in
Figure 2(a). The SRR is patterned in a layer of gold, atop an intrinsic silicon substrate; the
alignment of the incident THz pulse is shown in the inset. The solid line in Figure 2(b) repre-
sents the transmission coefficient of the THz pulse passed through the sample. The LC reso-
nance can be seen at approximately 0.8 THz, and a higher order resonance can be seen near
2.2 THz. The dashed orange line represents simulated data from models in CST Microwave
Studio. The simulated data agree well with measured data, except in the region near 2.5 THz
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and above. In this region, the spectral power in the measured signal is not strong enough to
fully resolve the sharp, higher order resonances of the SRR [19].
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Figure 2. Gold SRRs on silicon substrate are shown in (a). The SRRs are 20-pum squares with 5-um line widths, 3-um gap
widths, and a 39-um periodicity. The plot in (b) displays the transmission response of the SRRs [19].

3. Fabrication processes

Since THz metamaterial unit cells need to be electrically small compared to THz wavelengths,
these unit cells have widths of around 30 pm or less. This requirement makes microfabri-
cation and micro-electromechanical systems (MEMS) processes suitable choices for creating
THz metamaterials.

There are three main techniques that can be used to make microelectronic and MEMS devices:
bulk micromachining, surface micromachining, and microforming. These techniques are
often used interchangeably to create complete devices. In all three of these techniques, the
process of photolithography plays an important part in creating devices out of designs.

In photolithography, a layer of photoresist—a polymer sensitive to certain wavelengths of
light, typically in the ultraviolet range —is selectively exposed to light screened by a patterned
mask. The exposed sections of photoresist undergo a chemical change, depending on the type
of polymer. For “positive” photoresist, the exposed photoresist weakens and will dissolve in a
developer solution, leaving behind a patterned layer of unexposed photoresist. This patterned
photoresist can then act as a mask for other processing steps.

For example, the gold MMs shown in Figure 2(a) could have been fabricated using the process
shown in Figure 3, if a suitably thick photoresist was used along with an evaporation deposi-
tion process, which would deposit highly nonconformal material to the edges of the resist.
Otherwise, there will be difficulty stripping the photoresist in the fourth step. More advanced,
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dual-layer photoresist patterning techniques can also be used to create crisper patterns or to
be used in conjunction with conformal depositions like sputter deposition. Processes involv-
ing the incremental addition and/or etching of thin layers of material on a substrate to create
a device are known as surface micromachining techniques.

B Photoresist ® Substrate 0 Metal

Deposit photoresist

Expose a pattern with mask aligner and
develop photoresist

Evaporate metal on wafer

4 Strip photoresist

(3% ]

Figure 3. An example of the use of photolithography to deposit gold.

In bulk micromachining techniques, a device is fabricated primarily through etching pro-
cesses into the bulk of a substrate. Depending on the crystallography of the substrate and
the etchant type, etching processes can be isotropic or highly anisotropic in certain crystal-
lographic directions. There are also more involved methods, such as deep reactive ion etching
(DRIE), which can create high aspect ratio structures through sequential reactive ion etching
(RIE) of a sidewall-protected cavity [20].

Microforming processes, also known as high aspect ratio micromachining (HARM) processes,
use especially thick, patterned photoresist layers as molds for metal layers deposited via elec-
troplating. In the LIGA microforming method, X-ray-based photoresist PMMA can be pat-
terned in thick layers without worry of diffraction to create very high aspect ratio devices.
LIGA is an acronym for the three German words lithographie, galvanoformung, and abfor-
mung, which, respectively, stand for lithography, electroplating, and polymer replication
[21-23]. Other thick photoresists such as SU-8, or multiple layers of SF-11, can also be used as
a lower cost alternative to create high aspect ratio structures.

In addition to micromachining and MEMS processes, additive manufacturing techniques
show promise for THz metamaterials. One advantage to additive manufacturing is the abil-
ity to create devices without requiring labor-intensive cleanroom methods. However, the
present capability of many of these techniques does not allow for the sub-millimeter resolu-
tion needed to create THz metamaterials, with a few exceptions. In inkjet printing, drop-
lets of material are deposited onto a substrate via moving, microscopic nozzle heads. This
method has been shown to feasibly fabricate layers of SRRs in the low THz range [24-26].
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Inkjet-printed SRRs display resonances that are similar but slightly degraded compared to
their cleanroom-fabricated counterparts; the degradation is largely caused by print variation
among the individual printed metamaterial unit cells. This can be seen as a tradeoff to the
advantages of less labor-intensive processes and lower cost manufacturing offered by inkjet
printing. Another additive manufacturing method used to create THz metamaterials is laser
decal transfer [27]. In this process, a laser pulse ejects a small amount of material from a donor
substrate and transfers it onto an underlying substrate. The process is analogous to a pen (the
laser) writing on top of a piece of carbon paper. Using a digital micromirror device (DMD),
the laser can be spatially modulated to transfer more complex shapes onto a target substrate.
With this process and an x-y stage manipulator, metal SRRs were printed with a minimum
feature size of 6 pum [28]. The printed SRRs were highly uniform and produced a transmission
response nearly identical to that of a comparable lithographically prepared sample. The main
limitation of this method is that the deposited material needs to be cured at around 150°C
after laser transfer, so it may not be suitable for some temperature-sensitive applications.

4. Active metamaterials

Metamaterials with magnetic resonances in the THz range were first demonstrated by Yen
et al. in 2004 [29]. They were able to couple into the strong magnetic modes of the SRRs by
sending incident waves at oblique angles in ellipsometry experiments. There is much ongoing
work on developing active THz metamaterials through several methods [10, 30-32]. In order
for metamaterials to be useful in dynamic applications like modulation, they need an incor-
porated active component that can modify its resonance [33].

An active metamaterial was first demonstrated by Padilla et al. in 2006 [34]. They successfully
shunted the SRR response of single SRRs on a GaAs substrate by utilizing an optical pump.
Without any optical excitation, the SRRs exhibited a typical LC resonance. When the optical
pump was activated, photo-excited carriers spontaneously formed across the entire surface
of the GaAs wafer, which made the entire surface metallic. This in turn nullified the effects
of the SRRs and their LC resonance. Nonlinear response can also be achieved through SRRs
fabricated on doped GaAs layers [35]. With this technique, incident THz radiation of zero to
low levels causes a metallic response due to the doped GaAs layer. However, with increasing
THz field strengths, inter-valley scattering becomes more frequent, causing decreased car-
rier mobility and decreased conductivity. With the disappearance of the suppressing GaAs
conductivity, the SRR's LC resonance becomes more prominent, and a notch appears in the
transmission. At even higher incident radiation strengths, impact ionization in the gaps of the
SRRs causes the conductivity to increase again, suppressing SRR response.

Building on those results, Chen and Padilla demonstrated modulation through voltage-biased
SRRs on n-GaAs, with the SRR-nGaAs junction acting as a Schottky barrier [30, 31]. This design
is shown in Figure 4. Without the presence of a bias voltage, the doped layer effectively sup-
presses the resonant response. When a high enough voltage is applied between the SRRs and
the n-GaAs layers, a depletion region will form underneath the SRRs. This depletion region
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both electrically isolates the SRRs from the n-GaAs layer and reduces the overall conductivity
of the n-GaAs layer, which restores the suppressed LC resonance of the SRRs.

O
;Zk Schottky

Figure 4. Schottky-based modulation of split-ring resonator resonances [31].

In 2007, Chen et al. demonstrated modulation via frequency shifting by using SRRs enhanced
with silicon in the capacitor gaps, as shown in Figure 5 [36]. When the SRRs are exposed to
laser pulses, photoexcited carriers in the silicon layer effectively lengthen the internal SRR
capacitor, which alters the resonant frequency of the structure.

Figure 5. Split-ring resonator modulated through photoexcited silicon [36].

Shrekenhamer and Rout created a novel THz metamaterial design that incorporated high
electron mobility transistors (HEMTs) in the gaps of SRRs, as shown in Figure 6 [37]. At zero
volts gate bias, a 2D electron gas channel naturally forms between the source and drain of the
PHEMT, which is connected to opposite sides of the SRR gap. The electron channel shorts the
SRR gap and removes the LC resonance from the structure's response. When a negative bias
is applied to the gate, the channel is eliminated, and the SRR LC resonance is restored.
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Figure 6. High electron mobility transistor-based modulation of split-ring resonators [37].

The four previously mentioned active metamaterial structures used electrical properties, namely
semiconductors and semiconductor junctions, to achieve tunability in the THz frequency range.
Mechanically tunable SRRs have also been demonstrated using MEMS processes. For example,
Coutu et al. used MEMs cantilever beams arrays to create electrostatically tunable meta-atoms
for the RF frequency range [38]. There have since been several demonstrations of THz-range
meta-atoms using MEMS. In one such design, bi-material cantilevers are used to alter the reso-
nance of SRRs, shown in Figure 7(a) [39]. In the rest state, the cantilevers are bent downward
due to residual stresses intentionally introduced during the fabrication process. This shorts
the SRR gaps and eliminates the LC resonance. When the device is heated, thermal expan-
sion coefficient difference between the top and bottom half of the cantilever causes the beam to
straighten out, which removes the electrical contact and restores the LC resonance. In [40], the
capacitor arms themselves are treated as bi-material cantilevers, which are designed to have
an initial deflection and can be lowered with an external voltage. This is shown in Figure 7(b).

Bi-material cantilevers can also be used to actively change the in-plane orientation of SRRs, as
shown in Figure 7(c) [42]. By changing the angle of incidence of the incoming electromagnetic
wave with respect to the metamaterial unit cell, the magnetic coupling between the SRRs and
the incident wave can be enhanced, strengthening the measured resonance.

Another method of modulating metamaterials is through the use of phase change materials
(PCMs) and metal-insulator transition (MIT) materials. PCMs and MIT materials are types of
materials that have vastly different electrical and/or optical properties based on their crystal-
lographic alignment [43, 44]. Transitions between crystalline and amorphous states can be
rapidly achieved, typically through thermal, optical, or electrical methods.

Bouyge et al. demonstrated reconfigurable bandpass filtering by using vanadium dioxide (VO,)
switches on microwave-range SRRs [45]. Vanadium dioxide is a MIT material with a transition
temperature of 340 K and is volatile, meaning that it will revert back to its original phase after
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cooling back down [44]. With the VO, acting as a reconfigurable switch, patches of metal could
be electrically connected or disconnected to the SRR, thus altering the resonance of the structure.

Figure 7. Various microelectromechanical systems (MEMS) incorporated, terahertz (THz) frequency range, tunable split-
ring resonator (SRR) elements. In (a), THz SRRs are modulated using bi-material cantilevers [39]. The design in (b) uses
bi-material cantilevers for the inner capacitive gap arms of THz SRRs, modulating the SRR resonances when these arms
are deflected [40]. The third design in (c) shows structurally tunable THz SRRs which use bi-material cantilevers to bend
the entire array in different directions [41].

Active metamaterial structures designed for the near-infrared range, like the one shown in
Figure 8, have also been demonstrated using vanadium dioxide [46]. The planar hybrid struc-
ture shown can switch between electrically appearing as a normal SRR surface when the VO,
is insulating or a full metal plane when the VO, has transitioned to the conductive state. The
VO, in the self-aligned hybrid SRR causes a slight shift in the resonant frequency of the SRR
before and after phase transition.

'-"ln_" Planar Hybric-SRR

Figure 8. Near-infrared metamaterials with vanadium dioxide (VO,). In (a) and (b), gold split ring resonators (SRRs) are
fabricated on a layer of VO,. In (a), before transitioning the VO, layer, the VO, acts like a dielectric and the SRR response
is dominates the behavior of the device. In (b), while the VO, layer is transitioned, the VO, layer is metallic and the
overall response of the material is that of a flat metal plane. In (c) and (d), the SRRs have two materials in their thickness,
ametal layer and a VO, layer. Before transitioning, as shown in (c), the VO, is a dielectric, which only affects the response
of the SRR with a small red-shift. In (d), during the VO, transition to a metallic phase, the effective metal thickness of the
SRR doubles, which slightly increases the resonant frequency of the device [46].
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Phase change materials have also been applied in some rudimentary metamaterial and plasmon-
ics designs. Phase change materials differ from MIT materials in the fact that their phase transi-
tions are nonvolatile, meaning that an amorphous PCM will crystallize on heating but would not
reamorphize on slow cooling. To successfully reamorphize a PCM, a fast heat pulse (from a laser,
via Joule heating, etc.) accompanied by a strong heat sink is needed to “melt-quench” the mate-
rial back into an amorphous phase. A dynamic metamaterial switch using germanium antimony
telluride (GST) is shown in Figure 9. [47]. This switch is controlled by a short laser pulse, which
can transition the GST between the conductive and insulating states. In addition to GST, the chal-
cogenide gallium lanthanum sulfide (GLS) has also been shown to have potential for an active,
plasmonics-based switch [48] and tunable layer for metamaterials in the infrared range [49].

Figure 9. Metamaterial absorber with incorporated phase change material layer for dynamic applications [47].

Kodama et al. have demonstrated the use of germanium telluride (GeTe), another PCM, for
achieving tunable SRRs. As shown in Figure 10, GeTe layer was placed in the gaps of SRRs.
When the GeTe is amorphous and insulating, the SRRs exhibit their typical LC resonance;
when the GeTe is crystalline and conductive, the SRR gap becomes electrically shorted, and
the LC resonance is eliminated.

Figure 10. Tunable split-ring resonators using germanium telluride in the split gaps [19].
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5. Conclusion

This chapter was designed to familiarize the reader with terahertz metamaterials. Starting
with fundamental metamaterial unit, cell concepts were outlined, methods for producing
metamaterial samples were detailed, and the latest developments in active THz metamaterial
research have been reviewed. We hope we have been able to convey the potential that meta-
material research has to offer for terahertz technologies and systems.
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Abstract

Terahertz time-domain spectroscopy is a well-established technique to study the far-infra-
red electromagnetic response of materials. Measurements are broadband, fast, and per-
formed at room temperature. Moreover, compact systems are nowadays commercially
available, which can be operated by nonspecialist staff. Thanks to the determination of
the amplitude and phase of the recorded signals, both refractive index and absorption
coefficient of the sample material can be obtained. However, determining these electro-
magnetic parameters should be performed cautiously when samples are more or less
transparent. In this chapter, we explain how to extract the material parameters from
terahertz time-domain data. We list the main sources of error, and their contribution
to uncertainties. We give rules to select the most adapted technique for an optimized
characterization, depending on the transparency of the samples, and address the case of
samples with strong absorption peaks or exhibiting scattering.

Keywords: terahertz time-domain spectroscopy, transmission TDS, reflection TDS,
attenuated total reflection, extraction precision, Kramers-Kronig relations, scattering

1. Introduction

Up to the end of the 1980s, the far-infrared electromagnetic response of materials was mostly
investigated thanks to Fourier transform infrared (FTIR) spectroscopy, which exhibits sev-
eral advantages. During one scan, the recorded time-equivalent waveform is built from infor-
mation delivered by the entire spectrum, whereas other dispersive prism- or grating-based
spectrometers receive at any time only signal from a narrow band, i.e., a weaker signal with
a smaller signal-over-noise ratio (SNR). Second, and oppositely to dispersive spectrometers,
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the resolution of FTIR instruments is not limited by the size of the source. These are respec-
tively known as the multiplex and étendue advantages [1]. Nevertheless, FTIR instruments
display some drawbacks mostly due to the lack of efficient sources and detectors of far-
infrared waves. The sources must be broadband in view of achieving narrow waveforms
and thus performing broad spectral measurements. Generally, blackbody-like sources are
implemented: they are rather powerless and deliver incoherent light. Thus, a long integra-
tion time is necessary to get a high SNR. Moreover, to obtain a high-frequency resolution,
the waveform must be recorded over a long equivalent time window, during which noise is
also recorded. Sensitive detectors, like Si bolometers, operate only at cryogenic temperatures.
These experimental problems, i.e., long recording times and cryogenic temperature, were
solved by Auston and Chueng [2] in 1985 who introduced and demonstrated the new concept
of coherent time-domain far-infrared spectroscopy, known today as terahertz time-domain
spectroscopy (THz-TDS). This initial work was completed by researchers at IBM Corp. [3,
4], who definitively installed THz-TDS as a very competing tool to study the far-infrared
properties of materials and devices. Since these pioneering researches, a strong effort has
been devoted by numerous laboratories worldwide to improve THz-TDS equipment and
techniques. Today, several books describe this technology [5-9] and commercial systems are
available [10]. THz-TDS typically permits to investigate the range 0.1-5 THz, but some recent
systems allow one to reach the mid-infrared, i.e., frequencies larger than 10 THz [11-13].
In addition, the time-domain technique makes possible to perform optical-pump and THz-
probe time-resolved experiment to study the carrier dynamics in semiconductors [14, 15] or
the kinetics of photo-induced chemical reactions [16, 17]. Moreover, nonlinear THz effects
can be observed, thanks to the huge THz peak power in THz-TDS systems fed by amplified
mode-locked lasers [18].

In this chapter, we describe the principles of THz-TDS and we explain how to extract the
refractive index and the coefficient of absorption of materials from THz-TDS data. We study
the precision of this determination versus different error sources. We give rules to choose,
depending on the samples under test, the most adapted THz-TDS technique among transmis-
sion or reflection ones. We also treat the case of materials that exhibit strong absorption bands,
and heterogeneous materials that scatter and/or diffract the THz beam.

2. Principles and basics of THz-TDS

In THz-TDS setups, a train of ultra-short laser pulses excites a THz antenna, which converts
each optical pulse into an electromagnetic (EM) burst and radiates it in free space. In other
words, the carrier frequency of the optical pulse is rectified and only its envelope is saved.
Because of a noninstantaneous response of the antenna, the conversion widens the EM pulse
duration when compared to the optical one. Thanks to some THz optical system, the EM
pulse is focused onto a receiving THz antenna, which is triggered by a delayed part of the
laser beam. In the receiving antenna, a nonlinear process mixes both incoming EM pulse and
laser pulse, giving rise to a signal integrated by the reading electronics, which is proportional
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to the convolution product of the laser pulse and the electrical field of the EM pulse. By vary-
ing the time delay between emission and detection, which corresponds to a time-equivalent
sampling, the temporal waveform of the convolution product is obtained. Two major features
should be noted: (i) emitter and receiver are enlightened by the same pulsed laser beam, thus
they are perfectly synchronously excited; and (ii) because it is triggered by ultra-short laser
pulses, the receiver records the EM pulse signal only when it is excited by the laser pulses
(typically during a 1-ps time slot): noise in the time interval between two consecutive laser
pulses (typically 10 ns) is not recorded. This amazing 1 ps/10 ns = 10* ratio, associated with
the perfect synchronization between emission and detection, together with the high stability
of mode-locked laser pulse comb, makes the dynamics of THz-TDS extremely high, usually
larger than 60 dB in power. The spectrum of the signal is calculated through a numerical
Fourier transform of the convolution trace. The Fourier transform supplies a complex value,
with a modulus and a phase. The phase is related, in the time domain, to the relative ori-
gin of the time delay between emission and detection while the modulus spectrum depends
strongly on (i) the spectral efficiency of the emitting and receiving THz antennas, and (ii)
the adjustment of the quasi-optical THz-TDS system. The most common THz antennas are
photo-conducting switches made from ultrafast semi-insulating semiconductors, like low-
temperature grown GaAs (LTG-GaAs). Basically, a microstrip line with a narrower gap at its
center is deposited over the semiconductor substrate. In emission, the structure is DC biased
and the gap becomes conductive when illuminated by a laser pulse. It behaves as a dipole
whose moment varies promptly due to the photoconduction process. This dipole radiates in
the far-field region an EM signal proportional to the second time-derivative of the moment
variation, i.e., to the first derivative of the current (conduction and displacement) surge flow-
ing through the gap. In such antennas, detection occurs through a complementary effect. The
gap is biased by the incoming THz field E(t) that accelerates the free carriers synchronously
generated by the triggering laser pulses. This current, proportional to the THz field, is read
and time-integrated by the electronics, usually a lock-in amplifier and it writes:

S « [ E®ONG¢-Ddt, (1)

where 7 is the time delay between emission and detection, and N(t-1) is the number of photo-
carriers resting at time ¢ from a generation occurring a delay 7 before. The spectrum of s(z) is
obtained by a Fourier transform of Eq. (1):

+00

S(w) = TFIS(D] / Jm EMN(t -De7" dtdt « E(@)N*(w) )
w is the angular frequency, E(w) and N(w) are the spectra of E(t) and N(), and N*(w) is the com-
plex conjugate of N(w). From now on, a tilde denotes a complex variable.

THz emission can also be obtained either by illuminating the bare surface of an ultrafast
semiconductor wafer, at which photo-generated carriers are accelerated inside the wafer by
surface fields or/and by the Dember effect [19], or by optical rectification in an electro-optic
(EO) crystal effect. Detection is also commonly performed by EO sampling. Characterization
of a sample is mostly achieved in transmission by locating the sample in the THz beam, and
recording the THz waveforms without (reference) and with the sample. Then, one Fourier
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transforms the waveforms, and the complex transmission coefficient T__(w) of the sample is
equal to the ratio of the signal and reference spectra:

T _ 3w _ EoNw _ Ew
Toe® =3~ () " E@N@ ~ E @' ®)

ref ref

The same procedure is performed in reflection, providing the experimental complex coefficient
of reflection R _ (w). In this case, the reference signal is the THz waveform reflected by a perfect
mirror placed exactly at the same position as the sample to be tested. To avoid the difficulty of
the exact positioning of the reference mirror, attenuated total reflection (ATR) scheme is pre-
ferred [20]. ATR set-ups are especially dedicated to characterize liquids or powders since (i)
THz radiations are strongly absorbed by classical liquids like water avoiding any transmission
measurement, and (ii) ATR scheme is sensitive enough to characterize dilutions whose solute
concentration could be as small as 1%. In ATR experiment, the THz beam is reflected against the
base of a prism whose index of refraction is higher than that of the studied substance to achieve
total internal reflection of the THz beam. The reference is recorded without the material placed
upon the prism base to finally obtain the measured complex total reflection coefficient R («).

The complex refractive index # = n(w) +jx(w) of the sample to be characterized is determined
when the calculated transfer function (i.e., either T(«w, #), R(w, ), or R (w, 7)), in which  is the only
adjustable variable, is equal to the experimental ones (T (@), R (w), 0T R, (w), respectively).
When dealing with nonmagnetic materials, analytical expressions of the transfer functions are
rather simple as long as the samples are slabs with parallel and flat faces. At the sample location,
the incoming THz beam must be a plane wave. In practice, this is verified even with focused
THz Gaussian beams, as far as the sample, placed at the focal point, is thinner than the Rayleigh
length of the beam. Thus, analytical expressions of T(w, ), R(w, #), and R _(«, ) are as follows:

4K

T(w, 1) = R+ 17 ¢ FP(w, ) éos0d )
Rw, 1) = (1= )P, ), Ryl ) = +15 6
—— ) , o
Wlth KTE = ]7[2 KTM = @/ ¢ = e/%dvm, and FP(CU, 17[) _ [1 _ (g;i) (P2:| '

0 is the angle of incidence, d is the sample thickness, and c the speed of the light in vacuum.
In Eq. (5), the sign “+” is for the TE polarization case and “-” for the TM one. In the ATR case,
K takes similar expressions in which 7 is substituted by filn, where " is the refractive index of
the prism. FP(w, ) is the Fabry-Perot term that accounts for the rebounds of the THz pulse in
the sample. In ATR experiments, we suppose that d is much larger than the evanescent length
of the THz beam in the sample, so rebounds are neglected as well as in reflection when the
sample is opaque or strongly absorbing. In this case, for both reflection and ATR cases, solving
R(w,7) = R__(0) is easy because Eq. (5) can be analytically inversed:

- 1R, n)

T ) ©
Solving Eq. (4) (or Eq. (5) for thin samples) is more difficult because of the oscillatory com-
plex exponential term ¢. Consequently, the modulus and phase of T(w, 71) or R(«w, 1) plotted in
function of n and « exhibit several minima (see Figure 1). Therefore, finding the right zero of
T(w, 7) = T (o) or Rlw, ) = R__ (o) is not an easy task.
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Figure 1. Map of the modulus (left) and the wrapped phase (right) of T(«w, 1) versus n and . The sample is 1.2-mm thick
and the frequency is 1 THz.

To get rid of the oscillatory behavior, we proposed [21] to employ an error function &(w, 7) that
exhibits a monotonous shape with a single minimum that is quickly found with any numeri-
cal method:

8w, 1) = [ln( | X(w, 7)) - ln( | X (o) | )] g [arg(f((w, 7)) -arg (Xmeas(w))] ’ 7)

with X = Tor R. Figure 2 shows 6(w, 7) in transmission versus # and « for two different cases:
(i) transmission modulus 7 = 001, phase ¢, = 10rad, wd/c = 3 (e.g., a 180-pum thick sample
studied atf = 08 THz), (ii) T, = 0003, ¢, = 30rad, wd/c = 30 (e.g., a 2.4-mm thick sample stud-
ied atf = 0.6 THz). A single zero of 5(«w, ) is clearly seen, at which # and « can be almost instan-
taneously extracted using a numerical routine.
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Figure 2. Maps of the error function 6 versus n and «, with Tmeas = 0.01, ¢ T,meas = 10 rad, wd/c = 3 (left), and
Tmeas = 0.003, ¢ T,meas = 30 rad, wd/c = 30 (right).
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3. Precision on the parameters determination

The material parameters (1 and «) determined by THz-TDS are obtained with a precision that is
limited [22] by (i) a bad knowledge of the sample parameters (erroneous thickness, not parallel
sides, surface roughness, inhomogeneity, etc.), (ii) a bad positioning of the sample, (iii) the fact
that the THz beam is not a plane wave, and (iv) the experimental noise. Also, one must take into
account errors and noises arising from a deficient delay line (mechanical drift, registration, etc.).
In Ref. [22], Withayachumnankul et al. have given a complete study of the causes of uncertainty in
THz-TDS in terms of variance of the recorded signals. Here our approach is simplified but leads to
analytical expressions, which emphasize the role and the weight of each experimental parameter.

3.1. Effect of a bad value of the sample thickness
A bad value of the thickness d modifies the results in the case of transmission THz-TDS. The
induced error An is calculated by setting the differential of T(w, 1) equal to zero. We get:
i o= AgQLQT
A = Ads7/55 (8)
Let us suppose, for the sake of sim and reflection are obtained by differentiating plification,

that the Fabry-Perot rebounds can be removed by a proper time-windowing of the THz wave-
form. Thus, Eq. (4) of T(«w, 1) becomes:

fad ~ 4K 10, —\712—sin 2l
~ =20, {cosO-~Vi*=sin*0)d
Tw,m) = et ©)
A simple calculation leads to:
s W (Y AV, ONEY, \V,
L(X - cos0)X> (X - c0s0)X2
R e iy S A — (10)

X—cosG+-)~(gd ™ X-n 0059<1_2&>+.)~<gd
X+cos0 4T X + 2 cosO n2) T4

with X =V #’-sin’60 Usually, experiments are performed at normal incidence, for which
Eq. (10) simplifies into:
—P-l_ g (11)

Figure 3. An (left) and Ax (right) in %, versus n and «, induced by a Ad =10 um thickness error. The sample is 1-mm thick
(Ad/d=1%) and f=1 THz.
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3.2. Effect of an angular tilt

Using the same procedure, we investigate the influence of a bad orientation of the sample. The
derivation is done versus the tilt angle A0. Under normal incidence, we get in transmission:

LW S
N jehd - jeid
An_ = —"—A0,An_ = —F———A0. 12
it M e e

A slight difference is obtained if the angular tilt is along the direction of the E-field (TE) or
perpendicular to it (TM). As shown in Figure 4, an angular tilt of 1° induces typically an error
An much smaller than 1%, except for small values of n and «, for which the error is of the order
of 1%. However, as imaging the THz-TDS beam is almost impossible, adjusting precisely
the orientation of the sample in the beam is a difficult task and angular error tilts of several
degrees are possible, which leads to errors larger than 1%.

(001 <] — o 7 ”

Figure 4. An (left) and Ax (right), versus 1 and «, induced by a A@ = 1° tilt in TE polarization. The sample is 1-mm thick
and f=1THz.

Even if the samples are perfectly well aligned relatively to the THz propagation axis, a non-
collimated THz beam could lead to inaccuracies equivalent to those induced by angular tilt.
Indeed, any converging Gaussian beam can be decomposed into plane waves arriving onto
the sample under different incidence angles, from 0° (along the propagation axis) up to the dif-
fraction angle whose value depends on the frequency. Referring to Figure 4, this could induce
an error of about 1%. This unwanted effect gets even worse as THz converging Gaussian
beam probes thick samples, because it defocuses the THz beam that impinges the receiver.
Consequently, the detected signal can be respectively larger or weaker than expected, which
leads to an over- or underestimation of the sample losses.

In reflection, a bad orientation (angular tilt AO) of the tested sample leads to an additional
error given by:

An, = A, = 22100 (13)

TE 27

By comparing expressions (12)—transmission—and (13)—reflection—it appears that the
error An induced by an angular tilt is weaker (typ. 1/1000) in reflection than in transmission:
this is due to the additional path of propagation in the material induced by the tilt in the
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transmission scheme, while the effect on the Fresnel coefficients at the sample interfaces is
smaller. Nevertheless, it should be noticed that an angular tilt, in reflection THz-TDS, is more
perturbing, as all the energy of the deviated THz beam may not reach the detector. This error,
which depends on each set-up design, could be quite large in reflection THz-TDS, but it could
be wiped out by carefully aligning the set-up and the sample.

3.3. Effect of a bad positioning of the reference mirror in reflection THz-TDS

In the case of reflection THz-TDS, the main geometrical error source is the misalignment of
the sample as compared to the reference mirror. For the sake of simplicity, we suppose that
the sample is thick enough to neglect the Fabry-Perot rebounds. Let 0 be the difference in posi-
tion, which induces an erroneous phase difference 26 w/c:

wenl@, ) = Rlw, ) er® = I=opto = Reo, i+ Ap) = 22ARL (14)
This phase difference leads to an error 4j:
At = 282 -1)6 (15)

Because of the j term, the error An depends on the imaginary part of 7% i.e., it is proportional
to nx. For transparent materials (« = 0), the error is negligible, but it becomes large for opaque
materials that are usually characterized in reflection THz-TDS. The error Ak that varies as
n?-x? is small for opaque materials and large for transparent materials. Therefore, THz-TDS
in reflection is a well-adapted and precise technique for the determination of the absorption
of opaque materials. Figure 5 shows the effect of a 1-um position shift versus n and a at f=1
THz. The error An is of the order of a few percent, while the error A« is larger especially for
transparent materials (Aa ~100 cm™ for n = 2.6).
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Figure 5. An (left) and Aa (right), versus n and «a, induced by a 6 = 1-um shift of the mirror position in reflection THz-TDS
for f=1THz.

These rather large errors are induced by very small shifts, here 5 = 1/300, and get even larger
at higher frequencies, according to Eq. (15). Therefore, in reflection THz-TDS, a great atten-
tion must be paid to position the sample at the exact location of the reference mirror, or, if not



Determining the Complex Refractive Index of Materials in the Far-Infrared from Terahertz Time-Domain Data
http://dx.doi.org/10.5772/66348

possible, to either control, measure, or correct the induced phase difference. For that purpose,
it exists several experimental [23-26] or numerical [27] solutions.

3.4. Effect of a noise with photo-conducting THz antennas

Noise makes uncertain the measured values of the magnitude and the phase of the THz signals.
Let us treat here only the case of photo-conducting antennas. We call ¢ ? the noise power, i.e.,
the square of the variance of the THz signals. A first noise o7 is generated by the emitter: shot
noise due to the random arrival of the pump laser photons, fluctuation of the laser intensity, etc.
Drift and mechanical vibrations of the optical delay line as well as random fluctuations of the
laser beam direction add a noise-equivalent contribution. It depends strongly on the equipment:
Withayachumnankul et al. [22] have measured an amplitude variance of the order of 10° that
was mostly due to delay-line registration and mechanical drift. This noise is of the same order as
02 defined previously and can be included in the emitter noise. The THz beam, together with its
noise, is then reflected or transmitted by/through the sample toward the receiving antenna. At
the receiver, two additional noises perturb the recorded signal, namely, the shot noise azh that is
proportional to the recorded current S (03 = 2eAf S, Afis the detection bandwidth and e
the electron charge), and anoise ¢} that is independent of the current (Johnson noise, amplifica-

tion noise, thermal noise, etc.). The total noise is the sum of all these contributions:
2

o2+2e Af S +02, (16)

meas”

0% =

2n
SE
where s_is the current recorded without sample in the set up (reference current), whereas s is

the current recorded with the sample. Taking into account the small value of the noise when
compared to the signal (perturbation approach), we get:

02 = AX?+B@X +Cw). 17)

Here, X is the modulus of the complex coefficients of reflection R or transmission T, depending
on the type of performed THz-TDS measurements. A, B, and C are parameters specific to each
THz-TDS set-up and are given by:

202+2e Af|S,| + a2

A
: B = 24

2e Af g2
o7 Cw - ¢4f %

§ (18)

Alw) =

E | E

S
Figure 6 shows the A, B, and C coefficients of our homemade THz-TDS set up, built around
a mode-locked laser (Tsunami Spectra-Physics, 50 fs pulse duration at the antennas, 82 MHz
repetition rate, pumped with a CW Millenia laser) and LTG-GaAs dipole-like THz anten-
nas. The coefficients were determined as follows. Several samples of different thicknesses,
and thus of different transmission coefficients, were made from the same material (Stycast
glue). For each sample, several transmission THz-TDS data were recorded, and the noise was
deduced from the standard deviation of the transmission spectra. Then, the noise was plot-
ted at any given frequency as a function of T and fitted with expression (17). Typically, at the
maximum of sensitivity of the LTG-GaAs antennas, i.e., around 0.5 THz, A = 15xB = 200 C. It
follows that the main source term is the noise in the emitter (¢?), which is larger than the noise
in the detector (¢?). As the main difference in receiving and emitting antennas is the photocur-
rent (both antennas are similar and excited by the same laser power), we conclude that the
optical shot noise and laser intensity fluctuations in the emitter are the major source of noise.
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Figure 6. A, B, and C (SI unit) coefficients experimentally determined from transmission THz-TDS of several samples
of Stycast having different thicknesses. The data have been recorded with a THz-TDS system equipped with LT-GaAs
antennas. The lines are a guide to the eye.

Relations (17) and (18) indicate that the standard deviation is proportional to the detection
bandwidth Af. Thus, reducing Af, i.e., increasing the integration time of a lock-in amplifier,
decreases the error as well. On the other hand, the A, B, and C coefficients vary inversely to
the available incoming THz signal. Increasing the THz power of the emitting antenna reduces
the uncertainties. The influence of noise on the measurement precision is derived as follows.
One writes any experimental spectral component, in terms of magnitude and phase, as the
sum of the actual value and noise:

X (w,n) = X . €= XeW+X el (19)

meas

Assuming the noise is much smaller than the signal, one easily gets:

Xsinp+ X . sing_.
tang - P X S0 P 20)

meas X cos P+ Xnoise COS P e

= X +cos ((P - qonoise)X

meas noise”

With a fully random phase noise, the related standard deviations of the modulus and phase
of the measured signals are:

o

;
0= (Xu-X) =X o, =% @21

The validity of our analysis is experimentally verified as depicted in Figure 7. The standard
deviations of the modulus R and phase ¢ of the signal reflected by a HR-Si wafer is plot-
ted versus frequency. The dashed lines represent the standard deviation as obtained from
averaging eight different measures, whereas the continuous lines are calculated with Eq. (21).
Between 0.2 and 1.2 THz, SNR is large and the agreement between calculation and experiment
is good. Outside this range, the noise is too large and thus our perturbation approach is no
more valid.

Finally, one should derive the experimental standard deviation from the actual measured sig-
nals. The X value is the ratio of the transmitted or reflected signal s, over reference signal s_:

S+

S, . Sy =X Spp
X X,noise - X,noise Ref,noise
Xmeas =5 +s =~ X+ S . (22)

Ref Ref,noise Ref

The standard deviation is calculated from Eq. (22):

03+ X Opy
o = " (23)
Re!



Determining the Complex Refractive Index of Materials in the Far-Infrared from Terahertz Time-Domain Data
http://dx.doi.org/10.5772/66348

T

0.5 1S
Frequency (THz) Frequency (THz)

0 0.3 1 1.5

L35
=

Figure 7. Standard deviations 0, and o, versus frequency for the THz signal reflected by a HR-Si wafer. The dashed line
is obtained from eight different measurements, whereas the continuous line is calculated.

The noise-induced errors An,, and Ax;, in transmission and reflection are obtained by differen-
tiating Eq. (4) or Eq. (5), respectively. In the general case of oblique incidence, the differential
expressions are huge and complicated but get simpler in the case of normal incidence, when
rebounds can be filtered. In this latter case one obtains:

npl+m+n-1 o

: B +n)-n+1
L — ~ - @
n—1)2+n22(1+n)? € 4’AK"’ ~ onpd+m+n-1

An, ~ (1+n)? 0 An, (24)

_ 5 |(1+R2)c05(p —2R| + |sir1q0 |(1—RZ)

An, = Ax, 5
(1-2R cos ¢ +R?)

Op (25)
B = wTd Examples of so-determined error An_ are presented in Figure 8. For the Stycast samples,
THz-TDS experiments performed in transmission leads to the amazing precision AnT/n<0.05%
between 0.6 and 1 THz. However, this value is only the noise-induced error and the actual total
imprecision (~1%) is mainly due to a bad position of the sample or a bad knowledge of the
sample thickness, as explained above. Conversely, characterizing HR-Si in reflection is defini-
tively not the best way, as the uncertainty is never below 10%. We explain below how to choose
the optimized THz-TDS technique in order to get a more precise determination of the material
parameters. In the case of oblique incidence and of ATR measurements, one cannot get analyti-
cal expressions like Egs. (24) and (25), and thus the errors should be numerically estimated.
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Figure 8. Spectra n(f) together with the error An(f); left: HR-Si measured in reflection. Continuous line and open circles
are calculated using Eq. (25) in which or is estimated using expression (17) with A, B and C given in Figure 6, and
measured, respectively; right: Stycast measured in transmission (sample thickness 0.81 and 1.62 mm).
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Figure 9 summarizes the influence for the different error sources in transmission THz-TDS.
The sample is a 1-mm thick slab, with n =2 and x = 0.01. The errors An and Ax are plotted
versus frequency in the case of a thickness error Ad = 0.01 mm, of an angular tilt AG =1°, and
a noise defined by Eq. (24) in which o7 is substituted by expression (17) with A =107, B=107,
and C=10%.

10}

""" ungudar ikt I 1

%E | T é- : - -‘"‘“---._,._______“
= E m— thickmess
=] < 1 PN mmmas angmlar il

05 [T [ e
0 i P o1 | i
0 1 2 3 LS 5 6 0 1 2 3 4 5 €
Frequency (TH=) Frequency (THz)

Figure 9. An (left) and A« (right) versus frequency as induced by a 1% thickness error (thick continuous line), by a 1° tilt
(thin continuous line) and by the noise (dotted line). Thes estimation is made in transmission for a 1-mm thick sample
with =2 and x = 0.01.

The angular tilt is by far the largest source of error for the refractive index n. x is mostly
affected by the noise at lower frequencies, while the angular tilt effect is predominant at
higher frequencies. In any case, A« is larger than An, especially at lower frequencies, where
Ax in percent tends toward infinity because of the 1/x term. The sum of all these errors is
typically 1-2% for n and about 10% for k. Because of the Fourier transform properties, the
precision on the frequency is simply related to the recording time window, i.e., in most of
THz set ups, to the length of the mechanical delay line. If the THz waveform is recorded over
a time window Ar, the frequency resolution is 4f = 1/4r. Common delay lines are 25-50 mm
long, thus 47 = 150 ~ 300 ps, and 4f = 3 ~ 6 GHz. Using longer delay lines [28] to achieve a bet-
ter frequency resolution is made difficult because of long-term fluctuations of the laser power
and possible weak deviations of the direction of the laser beam.

4, Transmission or reflection THz-TDS?

For opaque samples, it is compulsory to perform THz-TDS measurements in reflection because
no THz signal is transmitted. For low-index transparent samples, transmission scheme is pref-
erable, as the induced phase variation is integrated over the whole sample length, while the
Fresnel phase change in reflection are weaker. For samples with a moderate absorption coeffi-
cient, the choice of the best experimental scheme is not obvious. However, the error study pre-
sented in the previous paragraph helps in selecting the optimized THz-TDS characterization
technique, i.e., either in reflection or in transmission. For the sake of simplicity, we address
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here only the case of normal incidence. We suppose that the samples are perfectly placed in
the THz beam (no angular tilt) and that the sample thickness is perfectly known. We suppose
also that the sample is thick enough to permit a record of only the directly reflected or trans-
mitted THz pulse, by a proper time-windowing of the other rebounds. Thus, the only source
of inaccuracy is induced by intrinsic noises, given by relation (18), resulting on the errors
expressed by Egs. (24) and (25), where ox is expressed using Eq. (17). In reflection, An and
Ax do not depend on the phase term f = w d/c, whereas they do in transmission. Indeed, the
transmitted THz signal encounters a phase increase due to propagation through the sample.
Thus, we perform our numerical study with f as parameter. Figure 10 (left) shows A n /A n,
versus 1 and « calculated for § = 20 and A =10% B =10% and C=10°.
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Figure 10. 3D map of the ratio A n R/A n T versus n and « for § = 20 (left); limit between the reflection and transmission
schemes for an optimized parameter extraction (right).

The white curve indicates the limit A n, = A n,. Above this limit, A n, > A n_and thus trans-
mission TDS is more precise than reflection TDS. This happens when absorption is rather
small (x < 03). At higher absorption, reflection is preferable because the transmitted signal
becomes weaker. The limit between both techniques is plotted in the (1,x) space on Figure 10
(right) for different f. For a given set-up (given A, B, C values), the technique to be selected
depends mostly on k. For example, a 0.5-mm thick sample studied at 1 THz (8 = 10) should be
characterized in transmission as soon as k < 0.6, i.e., « <12 cm™.

5. Combined transmission and reflection THz-TDS

In the far infrared, some materials exhibit strong absorption lines due to molecular resonances
or/and due to collective excitations. In gases, narrow molecular resonances correspond to
the excitation of mechanical vibrations of the whole molecule structure. In liquids and solid
materials, the molecular resonances are coupled and broadened by thermal and density inho-
mogeneity at the molecular scale, resulting in wider absorption bands. In crystals, excita-
tion of phonons leads also to a strong absorption of the THz waves. When characterizing
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such materials in transmission THz-TDS, there could be no signal detected in transmission
within the absorption bands. The phase is lost in these spectral regions, and thus extraction
of the material parameters at higher frequencies is no more possible using common THz-
TDS extraction procedures as 2mmn phase jumps (1 is an unknown integer) of the transmitted
phase ¢, occur at the absorption peaks. On the other hand, reflection THz-TDS is applicable
even in the absorption regions, but its precision is inferior to that of transmission THz-TDS,
especially because of a possible shift in position with regards to a reference mirror. Thus,
even if R is measured over the whole achievable THz range, the precision A n, of the refrac-
tive index obtained in reflection THz-TDS is worse than the one A n, obtained in transmis-
sion, excepted in the absorption bands, as shown in Figure 11 (left). Both transmission and
reflection techniques may be combined to precisely evaluate 7i(w) of such materials over the
whole experimental bandwidth [29]. Basically, the procedure consists in determining with a
great precision 7, from transmission data in the first region of transparency (below 1.4 THz
for maltose, see Figure 11, left). Thus, 7, is extracted, with a minor precision, over the whole
spectrum from the reflection data. The possible bad position 0 of the sample as regards to
the reference minor is corrected by adding the necessary frequency-dependent phase term A
@, = 20w/c, so that 71, equalizes 7 in the first spectral region and thus 7 is corrected over
the whole spectrum. In the second region of transparency (1.6-2 THz), the possible 2mm step
of the phase ¢_ occurring at the resonance is retrieved by forcing 7 obtained in transmission
to be equal to the corrected 7.
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Figure 11. Left: Relative noise-induced error on the refractive index of maltose (2-mm thick) obtained in transmission
(An.) and in reflection (An,) THz-TDS. Right: Refractive index n and coefficient of absorption a of maltose, as extracted
from THz-TDS measures with an 890-um thick sample. The thick curves are from corrected transmission data, while the
thin ones are from corrected reflection data.

The same procedure is repeated for each observed saturated resonant peak. Finally, 7 is
accurately obtained from corrected transmission in all regions of transparency, while in the
absorption peaks, we set# = 7 . An example is given in Figure 11 (right). An 890-pum thick pel-
let of pure maltose has been characterized by THz-TDS. In the vicinity of the absorption peaks
at 1.15, 1.65, and 2.05 THz, transmission of the sample is below the noise level. In these spec-
tral ranges, we save the value of 71 extracted from corrected reflection data, while in the other
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regions of transparency, we retain the phase-corrected transmission values # . Absorption
peaks as high as 250 cm™ can be precisely evaluated.

6. Combined transmission THz-TDS and Kramers-Kronig analysis

Reflection schemes are sometimes not available with commercial systems, preventing any
phase correction procedure as detailed in the previous paragraph. Fortunately, phase
jumps can be corrected from transmission measurements only. The causality of THz
response of natural materials makes possible to calculate n(w) from a(w) with the Kramers-
Kronig (KK) relations. In fact, the phase jumps, due to saturation of transmission in the
absorption peaks, impact mainly the extraction of n(w) and very slightly a(w) outside the
absorption bands. Thus, the idea [30] here is to extract a(w) from TDS data in the trans-
parency spectral regions and to perform a KK calculation to get n(w). Missing a(w) values
(in the absorption peak) induce an error on n(w), which is quite small because it is spread
over the spectrum thanks to the integral KK calculation. Comparing, in the transparency
regions, n(w) determined by the KK transformation and the one extracted from THz-TDS
data permits to know and correct the phase jumps occurring at each resonance, if any. A
last extraction, with the phase corrected transmission TDS data, leads to a very precise
determination of n(w) between the absorption peaks. In fact, THz-TDS data are obtained
over a limited spectral range, while KK calculation should be completed from 0 to infinity.
The resulting error is minimized by performing a singly subtractive Kramers-Kronig
(SSKK) transform [31]:

a(w) (wz - a)ﬂz)

@) = n(w)+% PP | do' (26)

PP stands for “principal part.” The SSKK transformation requires knowing the refractive
index at a given angular frequency, namely, the anchorage angular frequency « . When deal-
ing with THz spectra exhibiting saturated peaks, employing SSKK has two advantages: to
minimize errors due to a limited experimental bandwidth, and to take advantages of the pre-
cisely known value n(a}ﬂ) aslong as w is chosen before the first saturated peak. This technique
combining transmission THz-TDS and KK analysis has been used to retrieve the refractive
index of a 790-um thick DAST sample. The refractive index n,  has been calculated from a,
with an anchorage frequency f, = 0.5 THz, and compared to the optical parameters extracted
from a 235-um thick DAST sample (dashed curves), which do not suffer from any satura-
tion effects. Because of the large absorption peaks of DAST centered at 1.1 and 3.1 THz, no
transmitted signal was detected around these peaks. As seen in Figure 12, this results in a
saturation of the absorption peaks together with an offset of n (v), determined by a classical
THz-TDS extraction, after the low transmission bands. The SKKK method leads to a corrected
spectrum n__(w), which however suffers from a small discrepancy due to missing a(w) data.
But n__(w) is sufficiently close to the actual n(w), which permits to find the phase jump value
by comparing n_(w) and n_ (@), and then to perform again a classical extraction with the
phase corrected over the saturated peak frequencies.
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Figure 12. 7, and @, of DAST extracted from transmission THz-TDS measurements of a 790-um thick sample, and
the refractive index corrected by the SSKKR method (solid line), by evaluating the 2mm phase jump at f, = 2.95. n,,
(attention n et pas eta) has been calculated from o with an anchorage frequency f, = 0.5 THz. These results are compared
with the ones obtained with a 235-um thick DAST sample (dashed curves) that does not suffer from any saturation effect.

7. Scattering effect

When dealing with chemical compounds, many samples are pellets fabricated by pressing
a powder mixture of the material to be studied and of a transparent hosting matrix. This
technique permits to characterize materials (named hereafter “inclusion” material) that are
extremely absorbent in the THz range, or that cannot be manufactured as bulky or film sam-
ples, or that could be dangerous at a high concentration. The optical parameters (refractive
index and absorption coefficient) of the inclusion material, diluted in the hosting powder,
are retrieved through a model describing the electromagnetism response of the mixture. If
this mixture can be considered as homogeneous, i.e., if powder grains and more generally
inhomogeneity are smaller than the wavelength, there is no scattering: the electromagnetic
response of the material can be described by effective medium theories. Among many theo-
ries, the most popular models are the Maxwell-Garnett one (MG) [32] and the Bruggmann
(BG) one [33]: the inclusions are supposed to be spheroids or ellipsoids embedded in the
hosting matrix. According to these models, the dielectric constant of the mixture respectively

obeys:
2(1-ple, . +(1+2p)e,,

MG : emixture = ghost (2 + p)ghost + (1 — p)gm 4 (27)
. \ Ehost ~ Emixture €in ~ Emixture
BG (spheroids) : (1 -p) "5 +p 5™ = 0. (28)

host mixture mixture

p is the volume concentration of the inclusions. Basically, MG models allow one to nicely fit
experimental data when both p and the contrast em/shost remain small. For larger contrasts,
the Bruggeman's model is preferable. Figure 13 (left) shows the real part of the permittiv-
ity, at 0.6 THz, of a mixture of HDPE and fructose powder versus the volume fraction of
fructose. Both MG (continuous line) and Bruggeman (dashed line) models well fit the experi-
mental data (open circles), because scattering effects do not affect so much the time of flight
of the THz beam across the sample, i.e., the real refractive index n. On the other hand, the
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imaginary part of the permittivity (Figure 13, right) cannot be fitted by a MG model because
scattering losses, which are not taken into account in the MG theory, are misinterpreted as
absorption.
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Figure 13. Real part (left) and imaginary part (right) of the permittivity ¢ . —of a mixture of HDPE and fructose
powders versus the volume fraction of fructose at 0.6 THz. Open circles: experimental data; continuous line: MG model;
dashed line: BG model.

Thus, in many heterogeneous samples, scattering occurs and depends on the relative
size of the scattering particles as compared to the wavelength [34]. If the particle size is
smaller than about A/20, scattering may be neglected while, if it is bigger than about 10
x A, rays are geometrically deviated by powder grains. In between these limits, when
particles are smaller than the wavelength, the scattering process is well described by the
Rayleigh theory, while Mie scattering occurs for grain size comparable or bigger than the
wavelength. Because of the typical size of the grains in common powders, Rayleigh scat-
tering is almost negligible at THz frequencies and Mie scattering [35] model or even more
complicated theories must be employed. As there is no analytical expression available to
render the scattered amplitude, numerical codes are used. Nevertheless, Mie theory can be
approximated at low scatterer concentration by simplified models, like the one proposed
by Raman [36] to explain the Christiansen effect [37]. In this case, the equivalent absorp-
tion is expressed as:

= AKRf2(n - ). (29)

ascattering

A is the average size of the scattering grains and K is a coefficient that depends on the
shape, the concentration, and the distribution of the grains. Such model is established on
the probability, at one dimension, that an incoming photon is scattered by a grain. It shows
a loss variation proportional to the square frequency. Multiple scattering is not entered into
the theory, which means that the absorption coefficient of a sample does not depend on its
thickness. Figure 14 (left) illustrates the scattering effect in mixtures of HDPE and sugars
(fructose, maltose, glucose). At the lowest frequencies, absorption obeys a f-law (dashed
lines). Let us point out that the f-dependence is also the behavior of Mie-type scattering,
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which should be considered. Figure 14 (right) shows the absorption of a HDPE-maltose mix-
ture corrected from scattering to be compared to absorption obtained with a pure maltose

sample.
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Figure 14. Left: Absorption of a mixture of powders of 25% of HDPE and 75% of sugars (maltose, glucose, and fructose)
versus frequency. For the sake of visibility, the glucose and fructose curves are vertically shifted of 75 and 150 cm,
respectively. The dashed lines are parabolic fitting curves; (right) absorption of maltose (continuous) and HDPE-maltose
mixture (dashed) corrected from scattering.

The limit of validity of the Raman model is also shown in Figure 15. The measured absorption
of the mixture is plotted versus the volume fraction p of fructose (Figure 15, left).
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Figure 15. Left: Measured absorption of a mixture HDPE-fructose powder mixture versus the volume fraction p of
fructose at different frequencies. The lines are a guide to the eye; (right) measured absorption of a mixture HDPE-
fructose powder mixture (p = 30%) versus the size A of the fructose grain at different frequencies. The lines are parabolic

fits.

At different frequencies, the experimental data are well fitted by a linear curve for p <20-30%
and for p > ~50%, (28). In between, the transition fructose-in-HDPE to HDPE-in-fructose can-
not be described by the Raman model. Figure 15 (right) presents the measured absorption
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versus the size A of the fructose grains, for a constant volume ratio p = 30%. The experimental
points are fitted by parabolic curves, which do not obey to relation (29), except at the limit
A—0. A more rigorous modeling of the scattering process in such mixtures is based on the Mie
scattering theory. Several numerical codes are freely available to estimate the Mie scattering,
like the one from the Oregon Medical Laser Center [38]. Figure 16 exhibits the extinction coef-
ficient, taking into account both absorption and scattering losses, at 1.5 THz of a HDPE-fruc-
tose mixture (p = 30%). Mie modeling gives a curve (dotted line) below the experimental data
(dots), when the bulk value n,,,. = 1.51 is entered in the calculation. A better fit is obtained
with n .. =1.41. Such a result could be explained by residual air inclusions (20%) in the pel-
let which decrease the effective refractive index of the host substance [39]. The agreement
between experimental data and calculated ones is good, especially as no adjustable parameter
is input in the calculation. Moreover, some geometrical factors cannot be taken into account,
like for example the shape of the fructose grains, which looks like cubes instead of spheres as
required to apply Mie hypothesis.
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Figure 16. Absorption, including scattering, of a mixture of HDPE-fructose (p = 30%) determined from transmission
THz-TDS (dots). The lines are calculated with a Mie scattering code [39]: with n = 1.51 (dotted), with n =141

HDPE HDPE
(continuous). The dashed line is a parabolic dependence at small grain sizes.

8. Conclusion

We have described here the main features of THz-TDS. This is a unique technique to quan-
titatively and precisely characterize the electromagnetic response of materials and devices
over a broadband in the far-infrared domain. However, because of limited space, we did
not address in this chapter some additional possibilities of THz-TDS in terms of material
characterization:

* Anisotropic materials: Their characterization by THz-TDS is not tricky as most of THz
antennas (photo-conducting switches or electro-optic crystals) are polarization-sensitive,
with a rather good rejection level (a few percent). Even cross-polarization effects can be
investigated by rotating the receiving antenna around the optical axis of the THz system.
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Moreover, THz-TDS supplies the phase of the transmitted signals with respect to the in-
volved THz beam polarization, from which the anisotropic parameters of a sample can be
deduced.

* Metamaterials: They are quite easy to manufacture for the THz range, as they require repet-
itive features whose size is smaller than the wavelength, i.e., in the range below a few tens
of microns. This is achieved with MEMS or/and microelectronics technologies. Such THz
metamaterials [40] show amazing properties, like negative refractive index (left-handed
property), chirality, and so on. THz-TDS is especially well adapted to characterize these
metamaterials because it delivers both amplitude and phase of the reflected or/and trans-
mitted signal. Thus, for example, a negative phase, due to propagation in a left-handed
material, is clearly observed in the THz-TDS experimental spectra.

¢ Time-resolved THz-TDS [41]: This technique can be applied if the sample under test is sen-
sitive to light. In this case, a third part of the pulsed laser beam illuminates the sample with
an adjustable delay as compared to the impinging THz pulse. The light-induced modifi-
cation of the sample properties, mostly by photo-generation of free carriers, changes the
transmission of the THz beam. By varying the optical-THz time-delay, the photo-induced
excitation in the material is time resolved. This method works very well to study the carrier
dynamics in semiconductors and in superconductors, as far as the carrier lifetime is not too
short as compared to the THz pulse duration. The main limitation of the technique is the
rather long duration of the THz pulse, i.e., few hundreds of femtoseconds, as compared to
very fast phenomena in matter. Investigating short events requires a proper deconvolution
of the temporal records, which is not an easy task.

The list of applications of THz-TDS is for sure quite long and giving it exhaustively is almost
impossible. Moreover, the continuous progress of technology makes the technique really easy
to use, especially with commercial systems, and numerous new scientific results are regularly
published.
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Chapter 8

Terahertz Waveform Measurements Using a Chirped
Optical Pulse and Terahertz Spectroscopy of Reverse
Micellar Solution: Towards Time-resolved Terahertz
Spectroscopy of Protein in Water
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Abstract

One challenging research target using terahertz spectroscopy is time-resolved terahertz
spectroscopy of protein molecules to clarify the relationship between protein’s func-
tions and the low-frequency collective motion within the molecule. Our results on two
research topics necessary for this target are described. One is single-shot measurements
of terahertz waveform that has large advantages in time-resolved terahertz spectroscopy.
We examined experimentally and theoretically single-shot measurements using chirped
optical pulses. The other is terahertz spectroscopy of reverse micellar solutions in which
nanometer-sized water droplets are formed. Protein powder is usually used as a sample
for terahertz spectroscopy because the absorption of terahertz waves by solvent water is
very strong in aqueous solutions of protein, although protein molecules work in water.
The absorption of terahertz waves by the nonpolar oil solvent in reverse micellar solu-
tion is considerably weak compared with that by water. We demonstrated that terahertz
absorption spectra of protein in liquids are obtained by the use of protein-containing
reverse micellar solution. On the other hand, a nanometer-sized water droplet in reverse
micellar solutions is a promising candidate for studies of supercooled water. We made
temperature-dependent terahertz spectroscopy of the water droplet to study collective
water motions due to hydrogen bond networks.

Keywords: terahertz spectroscopy, time-resolved, single-shot measurement, biomolecules,
reverse micelle, water, chirped pulse, nanoconfinement, temperature dependence
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1. Introduction

1.1. Terahertz time-domain spectroscopy

At present, terahertz time-domain spectroscopy (THz-TDS) using a femtosecond laser is a
popular method to measure the optical constant of materials in the terahertz frequency range,
and its applications for medical science and industry are being investigated [1, 2]. A sche-
matic diagram of THz-TDS using two photoconductive antennas is depicted in Figure 1(a).
A femtosecond laser pulse is divided into two beams. One is used to generate a terahertz
electromagnetic wave by accelerating photoelectrons due to ultrafast laser irradiation onto
the DC-biased photoconductive antenna. The other is used to obtain the temporal waveform
of the terahertz electronic field that biases the other photoconductive antenna, where the
photocurrent induced by the laser pulse is proportional to the amplitude of the electric field
and is measured with a lock-in amplifier. The terahertz wave exhibits roughly a picosecond
monocyclic pulse (Figure 1(b)) and a very small part of its waveform can be sampled by the
femtosecond probe pulse. The temporal overlapping between the two pulses is sequentially
varied by use of an optical delay line, and the whole terahertz waveform is obtained. The
temporal waveform of the terahertz field pulse transmitted through a sample material is con-
verted to the spectrum in the frequency domain by the Fourier transform (Figure 1(c)) and
then the optical constant of the material is derived using the spectrum obtained in the same
way from the terahertz field pulse transmitted through a reference material (e.g., solvent lig-
uid for a solution sample). One excellent advantage of this method is to obtain the complex
permittivity (or refractive index) of materials directly from the measurement because one
measures the electric field amplitude, and not the intensity, as seen in Figure 1(b).

Femtosecond laser PC @)

e, Optical delay line

A

L1

7

Beam splitter Photoconductive
antenna

Reference L (V)
] 18] e
E \ Szmple 1E-19: \‘ =
9 - Reference
t C—
g Fourier
= (b) transform JE‘

0 2 4 6 8 00 05 10 15 20

Time (ps) Frequency (THz)

Figure 1.(a) Schematic diagram of terahertz time-domain spectroscopy (THz-TDS). (b) Terahertz waveforms after
transmission through reference and sample solutions. (c) Frequency spectra obtained from the Fourier transform of the
terahertz waveforms.
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1.2. Optical-pump terahertz-probe time-resolved terahertz spectroscopy

The next step of THz-TDS is optical-pump terahertz-probe (OPTP) spectroscopy using pulsed
terahertz waves; that is, one examines the time-dependent complex permittivity of materials
in the terahertz frequency range after abrupt change in the electronic state of the material
induced by an optical laser pulse [3-5]. Further, an enhancement in the peak intensity of
the terahertz pulse wave has opened up terahertz-pump terahertz-probe spectroscopy and
nonlinear terahertz spectroscopy [6-8]. These time-resolved terahertz spectroscopies have
been performed largely for solids such as semiconductor and graphene. OPTP spectroscopy
requires two optical delay-line systems if THz-TDS is employed for the terahertz wave probe;
one is used for THz-TDS, and the other controls the time difference between the optical and
terahertz pulses at the material. One issue of this OPTP spectroscopy is that it is difficult to
apply it to sample materials that undergo an irreversible process or show a relaxation pro-
cess with a time constant longer than the period of pulse repetition of the femtosecond laser
because the terahertz waveform measured using THz-TDS is deformed. One method to over-
come this issue is a single-shot measurement of terahertz waveforms; accordingly, this mea-
surement needs only one optical delay-line system for control of pump-probe delay time.

1.3. Single-shot measurements of terahertz waveforms using a chirped optical pulse

Single-shot measurements of a terahertz waveform can be achieved by a combination of elec-
tro-optic detection using a chirped optical pulse (EODCP) and measurements of the chirped
pulse with a spectrometer. This was first proposed and accomplished by Jiang and Zhang [9].
The result was discussed on the basis of a theoretical expression approximately derived [10].
We examined the method in detail as functions of the chirp rate and spectral resolution of
the spectrometer and analyzed the experimental results using the theoretical expression ana-
lytically derived [11]. Moreover, on the basis of EODCP, we measured the complex refractive
index of a material in the terahertz range and conducted OPTP spectroscopy. These results
show that this method is applicable to terahertz spectroscopy and a promising method for
OPTP spectroscopy. These results are described in Section 2.

1.4. Relationship between terahertz collective motions within a protein molecule and its
function

Biomolecules, such as protein and DNA, play a fundamental role in the biological function
of living cells. Further, it is believed that low-frequency collective motions in a protein mol-
ecule in the terahertz range play an important role in protein’s functions [12-15]. Hence,
terahertz spectroscopy of biomolecules has been extensively conducted [16-21]. Moreover,
OPTP spectroscopy allows us to observe the collective motions during the protein function.
Time-dependent change in the terahertz motions of a protein is measured after an optical
pulse initiates a chemical reaction in the molecule, such as enzyme reaction and protein fold-
ing, by OPTP spectroscopy. If a specific collective motion is involved in the reaction, spectral
change is expected to be observed at the frequency characteristic of the collective motion.
However, there is a serious issue for terahertz spectroscopy of proteins. Although proteins
work in water, protein powders are usually used as a sample for terahertz spectroscopy
because absorption of terahertz wave by solvent water is very strong in aqueous solutions of
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protein and because it is difficult to obtain the terahertz signal due to the protein molecule. To
overcome this problem, we employ reverse micelles.

1.5. Reverse micelle

A reverse micelle is formed by self-assembly of surfactant molecules in a nonpolar oil solvent
and becomes a nanometer-scale spherical cage filled with water, as shown in Figure 2 [22, 23].
The size of reverse micelles can be experimentally controlled by the water-surfactant molar
ratio (w,). Water-soluble molecules, such as proteins and DNA, can be dissolved in the reverse
micelle. Because absorption of terahertz waves by nonpolar solvents is considerably weak
compared with polar solvents such as water, the absorption background signal due to the sol-
vent was very low for reverse micellar solutions. We demonstrated that terahertz signal due
to protein molecules is obtained by use of protein-containing reverse (PCR) micellar solution
[24], as described in Section 4.
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Figure 2. Schematic cross-section of a protein-containing reverse micelle.

A reverse micelle is a potential candidate for studying biomolecules and their surrounding
waters under the condition similar to those in living cells. Cells are crowded with many
kinds of molecules, and so the surroundings of biomolecules are different from those in the
dilute aqueous solution. This is referred to as a macromolecular crowding effect [25, 26].
Therefore, the effect needs to be studied to clarify biomolecular function. In particular, the
difference in the state of the surrounding waters of biomolecules will have a significant effect
on their function [27, 28]. Nevertheless, biomolecules are usually studied in the dilute aque-
ous solutions.
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1.6. Terahertz spectroscopy of nanoconfined water for studies on thermodynamic
anomaly of water at 228 K

Water has the density maximum at 4°C. This is a well-known anomalous property of water,
which is responsible for the fact that ice floats on the top of liquid water. Further, most ther-
modynamic properties of supercooled water display strong anomalies, for example, the
isobaric specific heat and thermal expansion appear to diverge at 228 K [29]. Since the discov-
ery of the anomalies, much attention has been paid to the properties of supercooled water.
Several hypotheses, such as the liquid-liquid phase transition hypothesis, were proposed for
a unified understanding of water [30, 31]. As for the experimental studies of supercooled
water, it is necessary to use mesoporous materials such as MCM-41 because water confined in
such materials does not freeze far below the melting point [32-35]. However, the interaction
between confined water and the internal surface of the cage used for the confinement could
affect the properties of water [31]. This is a serious issue for supercooled water studies.

A reverse micelle is a promising candidate for studies of supercooled water distinguished from
the mesoporous material by the following reasons. Reverse micelles in liquids will provide soft
confinement compared with the nanopore in solid materials. Further, we have recently shown
by use of a molecular probe introduced into reverse micelles that water shedding from reverse
micelles with an aqueous cavity radius of ~1 nm occurs below the melting point of water and
that the water droplets extracted are dispersed in the solution down to the melting point of
the oil solvent (~170 K) [36]. This indicates that it is possible to make temperature-dependent
measurements of nanometer-sized water droplets over a wide temperature range. Moreover,
the water shedding allows us to use a nanometer-sized water droplet free from the cage.

There are studies on the temperature-dependent properties of confined-water using reverse
micelles [37-40], but terahertz spectroscopy has never been applied to it. Terahertz spec-
troscopy is well suited for studying cooperative motions of water due to the hydrogen
bond network on time scales of picoseconds [41-44]. It is believed that the hydrogen bond
network is a key to elucidate the anomalous properties of water. From terahertz spectros-
copy of water above the melting point, Renne and coworkers suggested that the relaxation
time appears to diverge at ~228 K as the temperature is decreased [41, 42]. This implies that
terahertz spectroscopy of water can provide information on the microscopic mechanism
underlying the thermodynamic anomaly of water at low temperatures. The result of tera-
hertz spectroscopy of water in reverse micellar solutions as a function of temperature is
presented in Section 5 [45].

2. Terahertz waveform measurements using EODCP

2.1. EODCP

In THz-TDS using electro-optic (EO) detection, the detector module in Figure 1(a) consists of
an EO crystal such as ZnTe, which is put between the two polarizers, and a photodiode for
measurements of the probe laser intensity. The probe pulse is overlapped with the terahertz
field pulse within the crystal, and the magnitude of the Pockels effect proportional to the

147



148 Terahertz Spectroscopy - A Cutting Edge Technology

amplitude of the terahertz field is obtained from measurements of the intensity of the probe
pulse subject to the birefringence in the crossed-polarizers configuration.

The method using EODCP is schematically described in Figure 3. A femtosecond probe pulse
is linearly chirped and temporally broadened to cover the terahertz waveform examined. The
chirped probe pulse is overlapped with a terahertz field pulse within the EO crystal, modu-
lated by the terahertz field, and dispersed onto a multichannel detector combined with a
spectrometer. Since the wavelength axis can be converted to the time axis using the value
of the chirp rate, the terahertz field waveform is derived from the two spectra of the probe
pulses with and without terahertz field modulation. Thus, a single-shot measurement of the
terahertz waveform is made using EODCP. Jiang and Zhang used a chirped pulse with a tem-
poral width of ~30 ps and obtained a terahertz waveform three times broader than the original
pulse width measured by THz-TDS with delay scanning using an unchirped probe pulse [9].
Further, Sun and coworkers analyzed the dependence of the EODCP-derived terahertz wave-
form on the chirp rate by assuming that the stationary phase method is applicable [10]. The
EODCP-derived terahertz waveform is monocyclic for a monocyclic original terahertz field
as long as the stationary phase method is used. On the other hand, the EODCP-derived tera-
hertz waveform changes with the chirp rate and the spectral resolution of the spectrometer,
and hence one requires an analytical expression of the EODCP-derived terahertz waveform
without such an assumption for analysis of a variety of terahertz waveforms.
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Figure 3. Schematic diagram of the experimental setup for time-resolved terahertz spectroscopy with electro-optic
detection using a chirped probe pulse (EODCP) of the terahertz wave. A double-beam configuration was employed to
obtain the chirped probe pulses with modulation due to the terahertz field and without it simultaneously. ITO is indium
tin oxide.
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2.2. Expression of the EODCP-derived terahertz waveform

We derive an expression of the EODCP-derived terahertz field waveform in this section.
Denoting the electric field waveform of a chirped probe pulse by C(t), we give the temporal
shape of the chirped pulse modulated by a terahertz field E_, (t) as follows:

M(®) = C([b+kEy, (t-D)], 1)

where k is a modulation coefficient, 7 is the delay time between the terahertz field pulse and
the chirped pulse, and b is the transmission coefficient because the probe pulse passes partly
through the two crossed polarizers, e.g., owing to the inherent residual birefringence of the
EO crystal or the finite extinction ratio of the polarizers. By comparing the EODCP-derived
terahertz waveform with numerical results, Yellampalle and coworkers [46] showed that Eq.
(1) is valid for an EO crystal with sufficient residual birefringence, as in the present study
using a 1-mm-thick ZnTe crystal.

The waveform of the chirped pulse is defined as C(t) = exp(-t°T, 2 - iat* - iwt) where T 2a and
w, are the width, chirp rate, and central frequency of the pulse, respectively. We give a mono-
cyclic original terahertz field waveform by E _,, (t) = ZtT exp (-t %A T3 which is a symmetri-
cally bipolar function and represents a global feature of the terahertz field waveform generated
by a femtosecond laser. If the modulated probe pulse is measured with a spectrometer with a
multichannel detector, the spectral intensity I(w)_on is expressed by

Iw)_on « [ glw=-w)|[2 M® expliw Hdt|?dw’, )

where g(w — ') is the spectral response function of the spectrometer; we set g(w — ') =6(w - ')
in this derivation. One can solve Eq. (2) by using Gaussian integrals and dealing with complex
numbers in the polar form. We follow the procedure of Jiang and Zhang to derive the tera-
hertz waveform from EODCP [9], namely,

E, (@) = =2 le)-of, ®)
where I(w)_off is obtained by putting M(t) = b C(t) in Eq. (2). Finally, we obtain an expression
of the terahertz waveform as

E ()« - {% cos[0(Aw)] - (Aw + 2a7) sin[0(Aw)] }
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where Aw=w,-w, = T>+AT? and y = T*+a’. Here the quadratic term of k is neglected on
the assumption that the modulation coefficient is very small and k E_,, << b. We confirmed
that the waveform obtained from Eq. (4) agrees with that from Eq. (3) through the numerical
integration of I(w)_on and I(w)_off with the same parameter values.
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2.3. Experiment

A schematic diagram of the experimental setup for EODCP is illustrated in Figure 3. A regen-
eratively amplified femtosecond laser beam with a temporal width of ~150 fs (FWHM), a
wavelength of 800 nm, a repetition rate of ~1 kHz, and a pulse energy of ~600 ] was divided
into two beams: one was irradiated onto an InAs (1 0 0) wafer to generate the terahertz field
pulse and the other was chirped by passing it through a pair of gratings. We used two types
of grating pairs, i.e., 1200 and 600 grooves/mm, to change the chirp rate. All the measurements
in the present study were made in the atmosphere.

We employed a double-beam configuration to obtain I(w)_on and I(w)_off simultaneously.
This configuration reduces the effect of the shot-to-shot fluctuation of the laser on the EODCP-
derived terahertz waveform. The chirped beam was first passed through a polarizer and then
divided into two beams. One beam, the reference R(w) was led into a fiber that transferred
the light to a spectrometer and was detected with a charge-coupled device (CCD) image sen-
sor. The other, the signal S(w) was aligned to travel collinearly with the terahertz field pulse,
modulated by the terahertz field within a 1-mm-thick ZnTe crystal and was passed through an
analyzer into the other fiber. The reference and signal beams were detected simultaneously on
two different areas of the image sensor. S(w)_off and R(w)_off were measured simultaneously
in the absence of the terahertz field, while R(w)_on and S(w)_on (= I(w)_on) were measured in
the presence of it. [(w)_off was obtained by R(w)_on x S(w)_off/R(w)_off. Thus, we could measure
I(w)_off and I(w)_on simultaneously in the double-beam configuration and derive the terahertz
field waveform using Eq. (3). Moreover, an optical delay line (delay line 1 in Figure 3) was
employed in order to vary the time difference between the chirped probe pulse and the tera-
hertz field pulse within the EO crystal. This was necessary to obtain the value of the chirp rate
experimentally.

Figure 4 shows I(w)_on (black) and I(w)_off (red) obtained from a single-shot measurement
at a chirp rate of -0.24 THZ? together with the terahertz waveform derived from Eq. (3)
(blue). The figure demonstrates that the modulation due to the terahertz field obviously
appears in I(w)_on even for the single-shot measurement. However, the signal-to-noise ratio
is roughly 10:1 and not so high. Further, the baseline is distorted and not zero. Thus, in the
present study, the data were acquired by averaging over a few hundred shots to achieve a
good signal-to-noise ratio.

2.4. Dependence of the terahertz field waveform on the chirp rate

Figure 5(a) displays the EODCP-derived terahertz waveform at a chirp rate of —-0.24 THz
The waveform is shifted along the abscissa (wavelength) when the delay time between the
chirped probe and terahertz field pulses is changed. Figure 5(b) was obtained by tracking
corresponding peak positions (arrow in Figure 5(a)) in the terahertz waveforms at different
delay times. We derived the value of the chirp rate from the slope of the line fitted to the data
points. It was found that this value agrees with that obtained by a second-harmonic-genera-
tion frequency-resolved optical grating (SHG-FROG) measurement and the value estimated
from the distance between the two gratings and the number of grooves ruled on the grating
per unit length. The upper axis in Figure 5(a) is the time axis obtained from the wavelength
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axis using the chirp rate value. The temporal width of the chirped pulse at this chirp rate was
determined to be ~15 ps (FWHM) by cross-correlation measurement between the original
femtosecond pulse and the chirped one.

—
on

off

—E . fromEq.(3)

Intensity (a.u.)

790 795 800 805 810
Wavelength (nm)

Figure 4. Chirped probe pulses with terahertz field modulation (I(w)_on) and without it (I(w)_off) obtained from a single-
shot EODCP measurement, i.e., with no data accumulation; a negative spike at around 794 nm is due to the damage of
the sensor element. The terahertz waveform derived from Eq. (3) is drawn by a blue line.

The EODCP-derived terahertz waveforms (blue line:-0.24 THZ?, red line:-1.9 THz?) are com-
pared with that obtained by THz-TDS with delay scanning (black line) in Figure 5(c). We
note that the temporal observation window becomes narrower with decreasing the chirp
rate, and hence, it is a part of the full-time range in the figure for the chirp rate of -1.9
THz? The waveform due to the THz-TDS with delay scanning is monocyclic, although small
long-lived oscillation due to absorption by water vapor in the terahertz frequency range is
involved. Meanwhile, the waveforms measured by EODCP are multicyclic; the cycle number
is considerably large at —0.24 THz?, compared with at -1.9 THz? Such multicyclic behav-
ior was not observed in the terahertz field waveform obtained using EODCP by Jiang and
Zhang [9], although the temporal width of the chirped probe pulse in their measurement is
comparable to that in the case of —0.24 THz? Further, it should be noted that the temporal
period of the muticycle in the EODCP-derived terahertz waveform is roughly the same as
that of the monocycle obtained by THz-TDS with delay scanning in Figure 5(c), whereas the
former was three times longer than the latter in the measurement by Jiang and Zhang [9].
This implies that the temporal resolution of EODCP is comparable to that of THz-TDS with
delay scanning in our case.
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Figure 5. (a) The terahertz waveforms obtained by EODCP with a chirp rate of -0.24 THz? at three delay times between
the input terahertz field and chirped probe pulses. The ordinate of each waveform is shifted for the sake of clarity. (b)
Corresponding peak positions (arrow in (a)) in the terahertz waveform, represented by frequency, plotted as a function
of the delay time (circles). The chirp rate is obtained from the slope of the solid line fitted to the data. The upper abscissa
in Figure (a) is derived from the lower one using the chirp rate value. (c) The EODCP-derived terahertz waveforms (blue
line:-0.24 THz?, red line:-1.9 THz?) are compared with that obtained by THz-TDS with delay scanning using a unchirped
probe pulse (black line). The ordinate of each waveform is shifted for the sake of clarity. Reproduced from Murakami et
al. J. Appl. Phys. 104, 103111 (2008), with the permission of AIP Publishing.

The terahertz waveforms calculated from Eq. (4) at [a (THZ?), T_ (ps)] = (-0.12, 22), (-0.65, 4),
and (-1.5, 1.8), with 7 =0 ps, AT = 0.45 ps, and w, = 375 THz (=800 nm) are illustrated in
Figure 6, together with the original terahertz field pulse (inset) used for the calculation; here
we note that the time step corresponding to the wavelength one depends on the chirp rate and
that the time step becomes smaller with decreasing the chirp rate. The waveform is found to
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change from monocyclic to multicyclic behavior with decreasing the magnitude of chirp rate.
This tendency agrees with that seen in the experimental result of Figure 5(c). It should be
noted that the multicyclic behavior does not emerge in the waveform derived on the assump-
tion that the stationary phase method is valid, as shown by Sun and coworkers [10]. Hence,
the analysis based on the stationary phase method is not applicable to the case where the
EODCP-derived terahertz waveform is multicyclic.
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Terahertz field (a.u)
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Figure 6. Chirp rate dependence of the terahertz waveform calculated from Eq. (4), where [a (THz?), T_ (ps)] = (-0.12,
22), (-0.65, 4) and (-1.5, 1.8). The chirp rate value is given by 2a. The ordinate of each waveform is shifted for the sake of
clarity. We note that the time step corresponding to the wavelength one depends on the chirp rate, and that the time step
becomes smaller with decreasing the chirp rate. The inset shows the original terahertz waveform used for the calculation.
Reproduced from Murakami et al. J. Appl. Phys. 104, 103111 (2008), with the permission of AIP Publishing.

2.5. Dependence of the EODCP-derived terahertz waveform on spectral resolution of the
spectrometer

Figure 7 shows the dependence of the EODCP-derived terahertz waveform on the spectral
resolution of the spectrometer at a chirp rate of -1.9 THz2. The waveform does not exhibit
monocyclic behavior at the high spectral resolution (0.2 nm, FWHM), whereas it becomes
monocyclic and temporally broadened at the low resolution (3 nm). Therefore, it is found
that the spectral resolution of the spectrometer plays an important role in determining the
terahertz waveform obtained by EODCP.
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The terahertz waveform measured by Jiang and Zhang does not show multicyclic features
despite the fact that the chirp rate and temporal width of the chirped probe pulse are com-
parable to those in our case at —0.24 THz2 This may be because the spectral resolution of
the spectrometer used by them was not high enough to resolve the multicyclic waveform,
although its value is not described in the literature [9].

Terahertz field (a.u.)

Time (ps)

Figure 7. Terahertz waveforms measured by EODCP at two spectral resolutions of the spectrometer (0.2 nm (black line)
and 3 nm (red line))at a chirp rate of 1.9 THz2 Reproduced from Murakami et al. J. Appl. Phys. 104, 103111 (2008), with
the permission of AIP Publishing.

2.6. Terahertz spectroscopy using EODCP

In order to attain high spectral resolution in THz-TDS, the terahertz waveform needs to be mea-
sured in a given temporal observation window, according to time-frequency relation based on
the Fourier transform. A time window of a few tens of picoseconds is required to obtain spectral
resolution as small as 1 cm™ (30 GHz). EODCP with a small chirp rate leads to a narrow tempo-
ral observation window under the limited spectral width of the probe pulse (~10 nm in the pres-
ent study), as seen in Figure 5(c), and so a high spectral resolution is not achieved. Therefore,
EODCP with a small chirp rate has a crucial drawback for terahertz spectroscopy, even if the
terahertz waveform approaches the original one. Thus, we have to use a chirped probe pulse
with a chirp rate that assures an observation window of a few tens of picoseconds, although we
will encounter multicyclic behavior in the terahertz waveform in such a case.

The multicyclic behavior in the terahertz waveform calculated from Eq. (4) at a chirp rate
of —0.24 THZ? leads to the oscillating behavior in the frequency spectrum, as shown in
Figure 8; although the envelope connecting the peaks in the spectrum coincides with the
spectrum obtained from the Fourier transform of the original terahertz field waveform (inset
of Figure 6). Thus, we consider the effect of the oscillating behavior on the derivation of the
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optical constant of materials by terahertz spectroscopy using EODCP. The quadratic term
of the modulation coefficient is neglected in the derivation of Eq. (4), which implies that the
EODCP instrument exhibits a linear response to the terahertz field. Under the condition of
such a linear response, the EODCP-derived terahertz waveform is expressed by

En’f(t) =k P(t=t,) Ey(t,)dt,, (6)

where ¢(t) and E(t) are the time profile of the instrumental response and the original tera-
hertz field, respectively. If the terahertz field is transmitted through a material under examina-
tion and measured by EODCP, its waveform is given by

E (O = [[o(t-t)n(t,—t,) E(t)dt, dt, @)

where the material is assumed to exhibit a linear response to the terahertz field and the
response function is denoted by 7(t). Thus, the complex transmission coefficient f(w) of the
material is derived by

. _ Esig(w)
w) = E, @ ®)
with
Esig(w) = P()f(w) E(w) and Emf(a)) = 9(w) E (). )

where the terms with a tilde, e.g.,Esy.g(a)), are the Fourier transforms of the corresponding terms
without a tilde, e.g., Esig(t). The convolution theorem is used in the derivation of Eq. (9). The
Fourier-transformed spectra of the instrument response function and the original terahertz wave-
form are canceled out in Eq. (8), and so have no effect on derivation of the optical constant of the

material. The complex refractive index is derived from the complex transmission coefficient [47].
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Figure 8. Frequency spectra obtained from the Fourier transform of the terahertz waveform calculated from Eq. (4) at
a chirp rate of —0.24 THz? (black line) and the original waveform (red line). A logarithmic scale is used for the ordinate.
Reproduced from Murakami et al. J. Appl. Phys. 104, 103111 (2008), with the permission of AIP Publishing.
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The EODCP-derived terahertz waveform depends on the delay time between the terahertz field
and chirped probe pulses, as shown in Figure 5(a). This implies that the instrument response
of EODCP varies with the delay time. If the refractive index of a material examined is not
unity in the terahertz spectral range, the terahertz field pulse transmitted through the material
is delayed from that passing through free space by an amount determined by the refractive
index. And thus, the two terahertz field pulses modulate temporally different portions of the
chirped probe pulse. Therefore, the instrument response is different for the two terahertz fields.
A method to remove the effect of variable instrument response is to make the two terahertz
field pulses overlap with the same (temporal) portion of the chirped probe pulse using an opti-
cal delay line, although the time difference between the two terahertz field pulses must be
measured in advance. The chirped probe beam can be modulated by the terahertz field at any
temporal portion using the optical delay line (delay line 1 in Figure 3).

In order to examine the applicability of terahertz spectroscopy using EODCP, we measured the
optical constant of a material by the method and compared the result with that by THz-TDS
with delay scanning. A semi-insulating GaAs crystal (1 0 0) with a thickness of 500 um was
used as a sample. Figure 9(a) illustrates the terahertz waveforms observed using EODCP in the
presence (red line) and absence (black line) of GaAs, where the optical delay line (delay line 1
in Figure 3) was not changed for the two measurements, i.e., we did not adjust the temporal
overlapping between the chirped and terahertz field pulses. Both the waveforms exhibit multi-
cycle behavior owing to the small magnitude of the chirp rate. The terahertz wave transmitted
through the GaAs substrate changes its waveform and is delayed compared with the wave in
the absence of the GaAs substrate. We derive the complex refractive index 7i(w) = n(w) - ix(w)
of the material with a thickness of 4 from the following equation using the complex amplitude
spectra obtained from the Fourier transform of the two terahertz waveforms,

E_ (w () — n o !

P - L exp{ -T2 [Z {7 @) exp (-1 2202) | ] DR

~ ) (@) -1 - 2i(w)
L) = 5@y D Tl@) = 5@y L@) = 5yt

where  (v) and 7 _(w) are a complex Fresnel coefficient for transmission at the sample surface,
and a subscript of “as” or “sa” indicates that the terahertz wave proceeds into the sample or
out of it. Further, 7 (w) is a complex Fresnel coefficient for reflection at the sample surface,
where multireflection at the sample surface is taken into account. We use a successive approx-
imation method for the numerical calculation. The complex refractive index thus derived
is compared with that due to THz-TDS with delay scanning in Figure 9(b). The agreement
between the two results is good, and so the multicyclic profile of the terahertz waves obtained
using EODCP does not affect derivation of the optical constant in this case.

A preliminary application of OPTP spectroscopy using EODCP was conducted for the same
GaAs. The experimental system is schematically described in Figure 3. A second harmonic fem-
tosecond pulse (~400 nm) generated with a BBO crystal was used as a pump light to produce
charge carriers. The terahertz wave is reflected by the charge carriers, and so one can measure
the lifetime of the charge carrier by time-resolved terahertz reflection or transmission spectros-
copy. Figure 10(a) is the terahertz waveform after transmission through the GaAs substrate as a
function of delay time between the optical pump and terahertz probe pulses using optical delay
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line 2 in Figure 3. The time-dependent change in the terahertz waveform is seen in Figure 10(a).
From the peak amplitudes of the frequency spectra, the time profile of the normalized reflectiv-
ity is derived, as plotted by circles in Figure 10(b). On the other hand, OPTP spectroscopy using
terahertz waveform measurements with delay scanning is applicable for GaAs, because the ini-
tial state is recovered in the period of the laser pulse repetition (~1 ms). From the peak amplitude
of the terahertz waveform, the time-resolved normalized reflectivity was derived, as shown by
a red line in Figure 10(b). The results due to the two methods agree with each other and show
a single exponential decay with a time constant of ~1 ns. Thus, it is demonstrated that terahertz
waveform measurements using EODCP are a promising method for OPTP spectroscopy.
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Figure 9. (a) Waveforms of the terahertz field pulses transmitted through a 0.5-mm-thick GaAs substrate (red line) and
in the absence of the sample (black line), observed using EODCP. (b) The complex refractive index 7i(w) = n(w) - ix(w)
of the sample derived from Eq. (10) using the complex amplitude spectrum obtained from the Fourier transform of the
two terahertz waveforms in Figure (a) (circles), together with the result due to the terahertz waveforms measured by
THz-TDS with delay scanning (lines).
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Figure 10. (a) Terahertz waveforms after transmission through the GaAs substrate measured by OPTP spectroscopy with
EODCP at several pump-probe delay times. (b) The time-dependent normalized reflectivity (circles) derived from the
peak amplitudes of the frequency spectra obtained from the Fourier transform of the terahertz waveforms, together with
the result due to OPTP spectroscopy using THz-TDS with delay scanning (red line) and exponential decay curve with a
time constant of ~1 ns (black line).

2.7. Future studies

Future work necessary for the development of the EODCP method is as follows. (1) We need to
make the signal-to-noise ratio high for the single-shot measurement. One way for it is to use a
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detector with a wide dynamic range, for example, high-charge capacity to low readout noise in
CCDs. The laser intensity is high enough to attain high signal-to-noise ratio. However, practically
it is too strong for any sensors, and so the input intensity is usually much attenuated to prevent
the sensor from saturation. (2) More pulse-to-pulse stability in the laser beam spot, polariza-
tion, and so on, in the femtosecond laser is required for the single-shot measurement. We used
the double-beam configuration for the measurement, and so the pulse-to-pulse fluctuation in
the laser frequency spectrum was corrected. However, the baseline of the terahertz waveform
derived was distorted in the single-shot measurement (Figure 4). This implies that the laser fluc-
tuation other than the spectral fluctuation affects the measurement. (3) It is interesting to perform
the EODCP measurement using a chirped probe pulse with a wide spectral width and large
magnitude of the chirp rate. In the present study, we used a chirped pulse with a small magni-
tude of it for the application of terahertz spectroscopy because of the narrow spectral width of the
laser (~10 nm). There is a Ti:sapphire femtosecond laser whose spectral width is several tens of
nanometers. It allows us to conduct EODCP measurements in a wide temporal observation win-
dow even by use of a chirped pulse with large magnitude of the chirp rate. As the magnitude of
the chirp rate is raised, the EODCP-derived terahertz waveform approaches a monocyclic behav-
ior, and correspondingly, the spectrum in the frequency domain shows less oscillating behavior.
Thus, EODCP with such a chirped pulse will be advantageous for terahertz spectroscopy.

3. Experiment of THz-TDS of reverse micellar solution

Before describing the results of terahertz spectroscopy of the reverse micellar solutions, the
experimental procedures are described in this section.

3.1. Sample

Myoglobin, AOT [=bis(2-ethyl-hexyl)sulfosuccinate], isooctane, and millipore water were
used as a protein, surfactant, oil, and water, respectively, for preparation of the PCR micel-
lar solutions. AOT was dried in a vacuum oven at 45°C. A Karl Fisher titrator was used to
measure the water content in the samples. Two methods were applied for preparation of the
PCR micellar solution. One is the so-called “injection method,” i.e., a small amount of protein
aqueous solution was injected into AOT/isooctane solution, and the other is a paste method,
proposed by us; the two methods are described in detail elsewhere [48]. The reverse micellar
solution (without a protein) was prepared by the injection method of a small amount of water.

3.2. Sample cell

A sample cell has an optical path length of 1 cm and two sample-chambers with the same
dimension (dual cell); one is for a sample signal, and the other is for a reference signal, as seen
in Figure 1. In the measurement of PCR micellar solution (Section 4), we used the PCR micel-
lar solution for a sample signal and oil solvent for a reference signal. On the other hand, in the
temperature-dependent THz-TDS of water in the reverse micellar solution (Section 5), we used
reverse micellar solutions with water for a sample signal and without water for a reference
signal. The dual cell is fixed on a computer-controlled stage, and the measurement of the two
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samples was iteratively made by moving the stage for accumulation of the data. The measure-
ment using the dual cell decreases the distortion of the absorption spectrum due to long-period
fluctuation of the laser, in comparison with the measurement using a single cell, because the
time interval between the measurements of the two samples is short, typically one minute.

3.3. Derivation of the optical constant in the measurement using a dual cell

We used THz-TDS with delay scanning for the reverse micellar solutions. The absorption coef-
ficient a(w) and refractive index n(w) of a sample were derived as follows: (1) the waveforms
of the terahertz fields transmitted through the two solutions were converted to frequency-
domain data (i.e., the intensity: [ (w) and I (w), phase: ¢_(w) and ¢ _(w); s : sample, and 7 : ref-
erence) using Fourier transform, (2) the absorption coefficient was derived from a(w) = d"'In
[I (w)/I (w)], where d is the optical path length of the cell (1 cm in the present study), (3) the
refractive index was derived with the equation 1 (w) - n (w) = c(wd) (P, (w) = ¢, (w)), where
n (w) and n (w) are the refractive indices of the sample and reference solutions, respectively,
and c is the speed of light. A spherical reverse micelle is formed owing to the self-assembly
of AOT molecules even if there is almost no water in the solution [49]. In the measurement
of water in the reverse micellar solution (Section 5), the two solutions in the dual cell had the
same concentration of AOT. Therefore, we assumed that the contribution of AOT molecules
to the optical constant is canceled out in their derivation [50]. On the other hand, the absorp-
tion and phase shift of the terahertz wave by isooctane is very small because of its nonpolar
nature, and so the effect of isooctane on the optical constant was considered negligible.

3.4. Absorption lineshape function

The absorption lineshape function C(w) is given by
Aa(w)n(w)

Clw) = "7 (11)
oft-ew(-£5)

=L f=dt et C(h)- (12)

Ch = (M) - M) (13)

where A = 3ch(2m) 2, h is the reduced Planck constant, k, is the Boltzmann constant, and T is
the sample temperature [51, 52]. Eq. (11) indicates that the lineshape function is expressed by
the Fourier transform of the time-correlation function C(t) of the total dipole moment M(t)
of the system examined. The absorption lineshape function was calculated from Eq. (11) by use
of the absorption coefficient and refractive index obtained from the measurements with THz-
TDS, and then the relaxation process was examined using the correlation function.

3.5. Cryostat for temperature-dependent measurements

It is necessary that the reference and sample solutions are at the same temperature to obtain
the correct optical constant of the sample at a given temperature. Therefore, the dual cell was
fixed in a custom-made stainless-steel cryostat, and its temperature was controlled within
approximately +1 K using nitrogen gas flow from a liquid nitrogen vessel. The waveforms of
the terahertz fields transmitted through the two solutions were alternately measured using a
computer-controlled stage on which the cryostat was fixed.
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We examined the baselines of the absorption coefficient and refractive index obtained from the THz-
TDS using the temperature-controlled dual cell. To that end, the sample and reference cells were
filled with the same AOT reverse micellar solution, and the temperature-dependent measurement
of THz-TDS was made in the 273-296 K temperature range. The results are depicted in Figure 11,
together with the optical constant of water in the reverse micellar solution with w, = 35 at 295 K.
Figure 11(a) demonstrates that all the baselines of the absorption coefficient are flat in the frequency
range between 0.1 and 1.2 THz; here, the standard deviation of the mean is around 6 x 10°. As for
the refractive index, the baselines are flat and approximately unity, shifted only by ~3 x 107, with
the standard deviation of the mean of ~2 x 10® in Figure 11(b) in the same frequency range. The
standard errors are small enough compared with the values of the optical constants, and hence, the
experimental system used works for temperature-dependent measurements of the optical constant.
Thus, we analyzed the optical constant in this terahertz frequency range.
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Figure 11. Temperature dependence of baselines for (a) the absorption coefficient and (b) the refractive index measured
by THz-TDS with delay scanning using a temperature-controlled dual cell. The sample and reference cells were filled
with the same AOT reverse micellar solution. The baselines at 273, 278, 283, 287, 293, and 296 K are shown by circles, and
the optical constants of water in the AOT reverse micelle at w, =35 and 295 K by squares. Adapted from Murakami et al.
(2015), with permission of Elsevier.
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4. Terahertz spectroscopy of PCR micellar solution

4.1. Protein concentration dependence of the absorption spectra

The protein concentration dependence of the absorption spectra of the PCR micellar solution
at w, = 4.4 and 0.2 is displayed in Figure 12(a) and (b), respectively. The amplitude of the
spectrum becomes large with the raising of the protein concentration at w, = 0.2 in the spec-
tral range examined, whereas it decreases at w, = 4.4. This is understood by the fact that the
amplitude of the absorption spectrum of hydration water is smaller than that of bulk water
in the terahertz spectral range [44, 53], as described below. Here we note that PCR micellar
solution is a binary system of PCR micelles and protein-unfilled, i.e., water-containing reverse
(WCR) micelles, because it is difficult that protein molecules are introduced into all the reverse
micelles in the solution. The molar ratio of bulk-like to interfacial-hydrated water within the
WCR micelle increases with increasing w, value [54-59]. The number of water molecules in the
WCR micelle is estimated to be ~5 at w = 0.2 and ~250 at w, = 4.4, whereas in the PCR micelle,
it is estimated to be ~20 at w = 0.2 and ~580 at w, = 4.4 [24, 48]. Moreover, the number of AOT
molecules in the WCR micelle is estimated to be ~20 at w, = 0.2 and ~60 at w, = 4.4, whereas in
the PCR micelle, it is estimated to be 110 at w,=0.2 and ~130 at w,=4.4[24, 48]. Hence, almost
all the water molecules within the WCR micelle will be bound to AOT molecules at w, = 0.2,
whereas some of water molecules are bulk-like at w, = 4.4; we note that one AOT molecule has
at least a few hydration sites [54]. In the PCR micelle, almost all the water molecules will be
bound to the protein or AOT molecule at the two w values; the first hydration shell of myo-
globin includes several hundred water molecules [60]. Therefore, the bulk-like water becomes
hydration one in the PCR micellar solution at w, = 4.4, when the WCR micelle disappears by
formation of the PCR micelle. Thus, if the decrease in the amplitude of the absorption spec-
trum owing to hydration exceeds the increase due to the protein, the total spectral amplitude
descends with increasing the protein concentration at w, = 4.4. On the other hand, the spectral
amplitude increases by the contribution of protein with raising the protein concentration at
w, = 0.2, because all the water molecules in both the WCR and PCR micelles are hydration
water at w, = 0.2. Although there could be a difference between the spectra of hydration waters
bound to AOT and protein, the effect of the difference is not observed in the abovementioned
result of protein concentration dependence.

4.2. Derivation of terahertz absorption spectrum of a protein in a reverse micelle

We analyze the absorption spectra by
a(w) = C, ¢ (@) +C o € e @) + C (@), (14)

P ~protein ‘water ~ water

where epmtem(w), €, @), and & (w) are the molar extinction coefficients of protein, water, and
surfactant in the PCR micellar solution, respectively, and C, C__
centrations of protein, water, and surfactant, respectively. We do not take account of the effect
of the interactions between the different constituents on the spectrum in Eq. (12). Moreover,
the contribution of a low content of water will be negligible at w, = 0.2. On the other hand,

the surfactant molecules are aggregated to form reverse micelles with and without a protein.

and Cs are the molar con-
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Therefore, we assume that the molar extinction coefficient of the surfactant in the PCR micellar
solution is independent of the protein concentration. On these assumptions, we obtain the
molar extinction coefficient of the protein from the difference spectrum between the absorp-
tion spectra at two protein concentrations, i.e.,
AO(((,U) = ((:I’J - CP) gprotein

(w) = AC, ¢ (W)
@) = Aa@)]AC, '

P ~protein

15

€ protein (15
The molar extinction coefficient of the protein thus derived is depicted in Figure 12(c), where
combinations of the protein concentration for the difference spectrum are 1.5-0.72 mM (cir-
cles), and 1.5-0.34 mM (squares). The two spectra agree with each other in Figure 12(c), and so
the assumptions made above are considered to be valid. Thus, the terahertz absorption spec-
trum of the protein in the reverse micelle is derived from the protein concentration depen-
dence of the absorption spectrum of the PCR micellar solution.
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Figure 12. (a) Protein concentration dependence of the absorption spectra of the PCR micellar solution at w, = 4.4 and
(b) w, = 0.2 at room temperature. (c) Molar extinction coefficient of myoglobin within the PCR micelle derived from
the difference spectrum between the absorption spectra at different protein concentrations at w, = 0.2. (d) Absorption
lineshape function of myoglobin obtained from Eq. (11). Adapted from Murakami et al. (2012), with permission of
Elsevier.

4.3. Future studies

The terahertz spectrum in Figure 12(c) has no characteristic peaks, as seen for protein powder
and liquid samples. This is considered to be so because a protein molecule has a large num-
ber of low frequency modes [61, 62] and shows structural fluctuations [63, 64]. The detailed
interpretation of the terahertz spectrum of protein molecules is a future problem. Finally, this
terahertz spectrum of myoglobin in relation to the boson peak of protein is discussed. It is well
known from inelastic neutron and Raman scattering measurements of proteins that proteins
show a broad spectrum with a peak position at around 1 THz, which is called the boson peak
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[65-67]. The origin of the boson peak has not been completely understood. Further, the boson
peak is observed not only for proteins but also for a wide range of glassy materials such as poly-
mers and glass-forming liquids. The molar extinction coefficient is proportional to frequency
and includes a Bose-Einstein factor. In order to compare the result of terahertz spectroscopy
with those of inelastic neutron and Raman-scattering measurements, the absorption lineshape
function must be derived by removing such frequency dependence, as described in Section 3.4,
where we assume that the frequency dependence of the refractive index is negligible in this
limited frequency range. Figure 12(d) is the absorption lineshape function thus derived. It is
found that the spectrum shows a broad peak at around 0.8 THz, which is identical with that
from inelastic neutron-scattering measurements of hydrated myoglobin [65]. An interesting
thing is that this peak is observed at room temperature because the boson peak of proteins is
observed below ~200 K in the inelastic neutron-scattering measurement. Thus, the broad peak
observed in the PCR micellar solution could be a new candidate to clarify the mechanism of the
boson peak, and further investigation will be performed and reported elsewhere.

5. Temperature-dependent terahertz spectroscopy of water in reverse
micellar solutions

The Stokes radius of the reverse micelle examined (w, = 35) was ~12 nm at room temperature.
It was found from temperature-dependent dynamic light-scattering measurements that this
reverse micelle shows the water shedding at 286 K (Figure 14(a)) [45].

5.1. Spectral analysis

We analyzed the absorption lineshape function obtained from Eq. (11). The refractive index of
water in the reverse micellar solution exhibits almost no frequency-dependent change in the
frequency range examined and is close to unity, as seen in Figure 11(b). Consequently, the
refractive index does not affect the frequency dependence of the absorption lineshape func-
tion. Thus, we calculate C(@) at n(w) = 1.

For curve fitting the absorption lineshape function, a sum of two exponential relaxations
with time constants of T, for a fast component and T_ for a slow one was employed for C(t),
ie,CtH = A e i+ A e, where Af and A_are the amplitudes for the fast and slow com-
ponents, respectively. This leads to the sum of the two Lorentzian functions in the frequency
domain by Eq. (12), i.e.,

Fw) =2 Afo'l (a)2 + Tf'z) T+2A T (a)z + 75'2)'1 +B. (16)

This model can be regarded as the Debye model with two relaxation times [41-43, 52]. A term
of B in Eq. (16) is a constant baseline necessary for a better fit. Water shows an ultrafast Debye
relaxation of ~0.1 ps [41-43, 52], and its contribution to the absorption lineshape function is
considered to be a constant baseline because the upper limit of the frequency range examined
is too low to analyze the spectral shape due to the ultrafast relaxation. The fitting procedure
using a nonlinear least squares method was identical for the absorption lineshape functions
at all the temperatures examined.
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The curve fitting using Eq. (16) does well for the absorption lineshape function of water in the
reverse micelle solution at all the temperatures examined, as displayed in Figure 13. The fitting
curve (black line) agrees well with the curve obtained from the experiment (circles), where the
curves due to the fast component (blue line), the slow component (red line), and the baseline
(green line) are also depicted. Thus, the time constants of the fast and slow components are
acquired from the fitting. There is a question regarding the uniqueness of the time constants
derived from the curve fitting, although multi-parameter fitting is a common method for spec-
tral analysis [41-43, 68, 69]; in fact, as shown for liquid water in Figure 14(c), there is a small
difference between the time constants from the two literatures [41, 42, 68]. However, a system-
atic deviation due to the fitting procedure should not influence the conclusion on the basis of
the temperature dependence of the values derived from the same procedure.

& o  Experiment
— Fitting by Eq.(14)
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Frequency (THz)

Figure 13. A result of the curve fitting using Eq. (16) of the absorption lineshape function obtained from Eq. (11) at 295
K. The contributions of the fast (blue) and slow (red) components and constant baseline (green) in Eq. (16) to the fitting
curve are also illustrated. Reproduced from Murakami et al. (2015), with permission of Elsevier.

5.2. Temperature dependence of the relaxation time

Figure 14(b) shows the waveforms of the terahertz field pulses transmitted through the two
solutions at 286 K (=T)). Eight sets of data are superimposed in the figure. All the waveforms
are reproduced for the reference solution, whereas the waveform for the sample solution
abruptly changes during the repeated measurement. Since T is identical to the temperature at
which the water shedding occurs in the reverse micellar solution, the change in the waveform
for the sample solution is attributed to the water shedding.
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Figure 14. (a) Schematic cross-section of a reverse micelle before (left) and after the water shedding (right). (b) The
terahertz waveforms after transmission through the sample and reference solutions at 286 K. Data obtained by THz-
TDS (delay scanning) measurements repeated eight times are superimposed. The reference solution is AOT/isooctane
solution without water, whereas the sample solution is that with water at w, = 35. The waveform for the sample solution
changes (red arrowed dashed line) during the repeated measurement. (c) The time constant of the slow component
obtained by the curve fitting using Eq. (16), together with the data of liquid water from literature [41, 42] (triangles) and
[68] (squares). An abrupt drop (red arrowed dashed line) in the time constant occurs during the repeated measurement
at 286 K. The inset shows that the confinement of the reverse micelles affects the collective motions of water with a

cooperative length comparable with the aqueous cavity length. Adapted from Murakami et al. (2015), with permission
of Elsevier.

The temperature dependence of the time constant of the slow component (circles) is depicted
in Figure 14(c), together with the results for liquid water (triangles [41, 42] and squares [68])
from literature. There are three characteristic findings as the temperature is reduced. First,
considerable slowing down occurs above T, compared with the case of liquid water. Second,
the time constant dramatically decreases at T (red arrowed dashed line); this corresponds
to a change in the terahertz waveform of the sample solution at T, as seen in Figure 14(b).
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Lastly, the temperature-dependent behavior of the time constant is similar to that of liquid
water below T . On the other hand, the time constant of the fast component was found to be
in the range from ~2 ps to 4 ps, and an abrupt drop in the time constant is observed at T, [45].

5.3. Relaxation process before and after the water shedding

The slow component is due to the collective motions of water molecules observed in THz-
TDS of liquid water. This is reasonable because almost all the water molecules in the reverse
micelle are bulk-like at w, =35. THz-TDS measurements of liquid water demonstrated that the
relaxation time exhibits a power-law temperature dependence as (T - T))™) (T, =228 K) above
the melting point of water [41, 42]. The power-law temperature dependence implies that
the cooperative nature of the water motion becomes large with reducing temperature, i.e., a
larger hydrogen-bond network is formed for the motion at lower temperatures; accordingly,
the time scale of the water motion increases. Such a mechanism is valid for water confined
in large reverse micelles. However, the confinement of the reverse micelles should affect the
mechanism, as illustrated in the inset of Figure 14(c), and hence, it is reasonable that the slow-
ing down of the relaxation process with decreasing temperature is enhanced in the reverse
micelle compared with that in liquid water.

A dramatic drop in the time constant at T_in Figure 14(c) is due to water shedding from
the reverse micelle. The expelled water is free from the confinement of the reverse micelle.
Therefore, the relaxation process of the water will speed up compared with that of the water
within the reverse micelle. Moreover, it is reasonable that the relaxation process of the expelled
water is similar to that of liquid water below T, as seen in Figure 14(c). We have recently
shown for a reverse micelle containing a water-soluble probe molecule that the diffusion-
like motion of the water molecules surrounding the probe molecule becomes active upon the
water and dye molecule shedding from the reverse micelle [36]. This is a kind of speeding up
of the water motion induced by the water shedding.

5.4. Future studies

The present study demonstrates that there is a distinct difference between the properties of
water in and out of the cage, and that water extracted from the reverse micelle exhibits the
relaxation process similar to that of liquid water. Therefore, the water droplet free from the
cage is expected to be more appropriate for studies of the properties of supercooled water
at low temperatures than water confined in the cage. The results on temperature-dependent
THz-TDS of water in smaller reverse micelles that show the water-shedding below the melt-
ing point of water will be reported elsewhere.

6. Concluding remarks

Protein-containing reverse micelles are suitable systems for terahertz spectroscopy of protein
molecules in liquid. Moreover, terahertz waveform measurements using EODCP is a promising
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method for OPTP spectroscopy. The next step is OPTP spectroscopy of PCR micellar solution.
As seen in Figure 12(b), the optical density of the protein molecule is very small in the terahertz
range even for its high concentration, which is practically attained. Therefore, it will be nec-
essary that the protein molecule exhibits large spectral change involved in the photoreaction
induced by the pump optical pulse, where high quantum efficiency is needed for the photore-
action. If a protein exhibits a narrow band peak at the frequency characteristic of the collective
motion coupled with the reaction, we expect to observe distinct change in the time-resolved
terahertz spectrum. Further, it is noted that we used PCR micelles with a few tens of water
molecules (w, = 0.2) to obtain the absorption spectrum of the protein molecule. On the other
hand, at w, = 4.4, the spectrum of the protein molecule is buried in the large spectral contribu-
tion of ~600 water molecules around the protein one. A certain number of water molecules, with
which the first hydration shell will be at least filled, will be required for the biological reaction
of protein molecules. Hence, the water content in the reverse micelle has to be adjusted to the
minimum under the condition that the biological reaction of protein occurs. Here, the hydra-
tion water is considered to contribute to the characteristic change in the time-resolved terahertz
spectrum because it should move in concert with the protein’s motion.
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Abstract

Terahertz technology is a nondestructive technique, which has progressed significantly in
the scientific research and gains highly attention in the analysis of biological molecular,
cellular, tissues and organs. In this decade, some studies were reported on the applica-
tion of terahertz technology in medical testing and diagnosis. Here, we summarize the
terahertz characters, terahertz spectroscopy, and terahertz imaging technology combined
with chemometrics. This chapter focuses on introducing the research progress on analyz-
ing the tissues of cancers using terahertz spectroscopy and terahertz imaging technology.
Furthermore, the problems should be solved, and development directions of terahertz
spectroscopy and terahertz imaging technology are discussed.

Keywords: medical diagnosis, medical testing, terahertz imaging, terahertz
spectroscopy

1. Introduction

1.1. Development of terahertz spectroscopy in biomolecular detection and medical
diagnosis

The terahertz (1 THz is equal to 10" Hz) is an electromagnetic wave located between the
infrared and microwave regions of the electromagnetic spectrum. Its frequency is defined
from 0.1 up to 10 THz. In this region, the spectra can respond and display spectra absorption
to low-frequency vibrational modes of molecules, such as torsional and collective vibrational
modes and hydrogen-bond modes, and rotational modes [1, 2]. THz waves have a feature of
low energy, non-ionizing which provide the advantage of harmless to analyze living tissues
[3, 4]. THz spectroscopic methods have been used in the biological sciences for investigating
DNA [5], proteins [6, 7], and tissues [8].

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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The characterization and quantification of DNA are often regarded as a complex laborious process
in bioscience. A number of different techniques are therefore offering a variety of approaches, like
spectrophotometry [9], UV-induced fluorescence [10, 11], chip-based nucleic acid analysis sys-
tem [12], etc., for charactering DNA. The terahertz spectrum has been determined to be a promis-
ing candidate for the characterization of DNA. Several alternative methods, including fluorescent
chromophore labeling and techniques that use terahertz radiation, have been proposed and are
currently in use [13]. Terahertz spectroscopy can characteristic DNA samples pretreatment free,
fast, and sensitively. Nagel et al. reported a promising approach for the label-free analysis of
DNA molecules using direct probing of the binding state of DNA with terahertz spectroscopy
[14]. In comparison with free-space detection scheme formerly used, this method provides an
impressively promoted sensitivity enabling analysis down to femtomol levels. Debanjan Polley
et al. reported a dielectric relaxation study using terahertz spectroscopy of extended hydration
sheathe of dilute aqueous solution of salmon sperm (SS) and calf thymus (CT) DNA samples,
which are always used as model organism [15]. They fitted the frequency-dependent complex
dielectric response according to a Debye relaxation model, which assumes three relaxation
modes in their work on SS DNA and CT DNA. The observed relaxation time constants have high
relation with that of bulk water and vary from any particular trend indicating to the extended
hydrogen-bonded network of DNA in marginal modification. Though a variety of methods were
established for characterization of DNA, they have disadvantages like alteration to the nucleic
acid sequence, requirement of a thick DNA testing layer, and conductor structure complexity.
From that point, THz spectroscopy has its advantage to be applied on the area of DNA detection.

The THz frequency also corresponds to global correlated protein motions, molecular inter-
action between protein molecules, which were proposed to be essential to functional con-
formational changes. Niessen used THz microscopy to inhibitor binding sensitivity and test
reproducibility of the narrow-band resonances for lysozyme protein crystals. To achieve the
data analysis of THz spectra data, they applied a rapid data acquisition technique. The THz
spectra were changed dramatically and can be reproducible with inhibitor binding [16]. Chen
et al. proposed an approach for automatic identification of biomolecule terahertz (THz) spec-
tra based on the most used chemometric methods, like principal component analysis (PCA)
and fuzzy pattern recognition [17]. Chen investigated THz transmittance spectra of saccha-
ride biomolecular samples, and some typical amino acid and their results demonstrate that
THz spectroscopy can be utilized for identification of biomolecules efficiently.

In the application of medical testing and diagnosis, THz spectroscopy and THz imaging have
been applied to complex analysis [18]. THz imaging has been used for detecting micrometa-
static foci of early-stage cervical cancer in the lymph nodes [19]. The in vivo tissue spectro-
scopic response in vivo tissues is highly depending on the constituent materials and their
physical arrangement for the heterogeneous of tissues. This means that the measurements of
in vivo tissues will be different from spectroscopic measurements on homogeneous samples of
DNA, saccharide, fat, or proteins. THz interactions with biological components of tissue were
reviewed by Smye et al. [20]. Woodward et al. demonstrated the application of terahertz pulse
imaging (TPI) on skin or related cancer tissues. Using this technique, they detected imaging in
reflection approach for the study of skin tissue and corresponding cancer tissue both in vitro
and in vivo. The sensitivity of terahertz radiation to polar molecules makes THz spectroscopy
and imaging be used for analyzing the hydration levels in the skin. And, it also has potential to
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be applied on the preoperative determination of the lateral spread of skin cancer. The terahertz
pulse shape in the time domain was studied, and the results show that they were able to dif-
ferentiate diseased and normal tissues for the study of basal cell carcinoma [21].

The study of Nazarov et al. showed that in the terahertz frequency range, small organic mole-
cules had characteristic absorption lines. Large molecules and tissues had crucial absorption lin-
early increases with frequency. THz refection spectroscopy provides possibility to study strongly
absorbing substances [22]. Using differences in THz absorbance, pathologic diagnosis between
normal and cancerous tissues has been reported in the medical literatures [23, 24]. Knobloch’s
results show that different kinds of tissues can be clearly distinguished from both the larynx of
a pig and cancerous human liver using THz spectroscopy. Cherkasova et al. studied human and
rat skin reflection spectra in vivo and the effect of glucose and glycerol on these spectra by THz
spectroscopy [25]. Variations in skin optical properties were found in the frequency of 0.1 THz.

Hyperspectral imaging can provide information in both space and spectral dimensions.
THz imaging has potential for tissue analysis and medical diagnosis as a very promising
harmless approach for future imaging applications. It is hopefully to develop the THz imag-
ing system in the future, which requires high-frequency resolution and a cost-effective and
much more compact setup that does not necessarily require a laboratory environment based
on the development of THz techniques.

1.2. Application of chemometrics on terahertz spectra analysis

THz spectroscopy should take advantage of chemometrics, which has applied in other fields
of spectroscopy like infrared, near-infrared, Raman, or fluorescence. Chemometrics [26] pro-
vides multivariate tools for exploring the relationships among the objects and tested variables
in collected dataset as well as classifiers. Chemometrics has been applied for qualitative and
quantitative analysis of the THz spectra of not very complex mixture systems. Absorption
intensity of THz spectra is proportional to the concentration of analytes in commonly used
dynamic ranges; thus, normal linear modeling methods in chemometrics can be used in their
calibration and prediction [27].

A review of terahertz pulsed spectroscopy summarized the most common chemometric methods
applied for processing the THz spectra including the way of quantitative univariate and multi-
variate methods, and it can be found from this chapter [28]. Two quantitative analysis approaches
are mostly used: the first is the method applied to a single spectrum without any calibration but
using the intensity of the spectra for modeling, and the other is calibration based on a series of THz
spectra of reference samples in order to predict quantitative information from unknown samples.

THz spectroscopy combine with chemometrics was reported for quantitative or qualitative
analysis of mixture systems in environment, food, agriculture, material, biology, and medi-
cine. Otsuka et al. did quantitative analysis of mefenamic acid polymorphs by terahertz spec-
troscopy with chemometric methods [29]. They studied the effect of spectra data preprocessing
on the chemometric parameters of the calibration models. Hua et al. mostly used regression
models like partial least squares (PLS) and principle component regression (PCR) methods
for quantitative evaluation of cyfluthrin in n-hexane by THz-TDS [30]. Partial least squares
(PLS) is one of the most effective and reliable methods normally being applied for quantitative
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analysis of various spectra. El Haddad et al. applied principal component analysis (PCA), PLS,
and artificial neural networks (ANN) to quantitative analysis of ternary mixtures by THz-TDS
[31], and they obtained good results. Ellrich et al. presented a postscanner by THz spectros-
copy using chemometric methods for the evaluation of detected THz fingerprints [32].

Assessment of THz spectroscopy with chemometrics is still under studying including prepro-
cessing, data selection and calibration methods. We strongly believe that THz spectroscopy
should take advantage of multivariate analysis for advanced data processing, classification
and calibration methods of chemometrics.

2. Instrumentation

For all of the work introduced in this chapter, a transmission THz-TDS cell configuration was
used, as depicted in Figure 1. Figure 2 gives schematic of a terahertz time-domain transmis-
sion spectrometer system used in this chapter. The THz spectroscopy system was equipped
with a commercially available femtosecond laser (SPECIM, MaiTai) for generating the THz
pulse. The femtosecond laser light is separated into two beams using a prism. One beam is
the probe, and it travels across a free space to focus on the detecting antenna, so that the probe
beam provides a relative time delay periodically. The other beam goes through a GaAs-based
semiconductor antenna to generate the THz pulse. Then, a parabolic mirror with a hemi-
spherical silicon lens is applied for improving the coupling efficiency of the THz radiation.
The beam that passed through the sample placed at the focus of the parabolic mirror, and it is
collected by another parabolic mirror. Finally, a photoconductive detector is used for signa-
ture collection [33]. In the experiments, the volume of the THz spectra system was filled with
dry nitrogen (N,) to reduce absorption caused by vapor in air.

Quartz Slides

N
) ||| ..

THz Pulses THz Transmittec

Tissue

Figure 1. Schematic representation of tissue samples for TDS measurement.
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Figure 2. Schematic of a terahertz time-domain transmission spectrometer system used in this chapter.

3. Theory and practical applications

3.1. Parameter extraction from THz spectra

The measurement of the reference pulse and the sample pulse are necessary for calculating
the THz absorption coefficient of a sample. When the tissues are analyzed by THz spectra
for medical testing or diagnosis, the sample pulse collected is transmitted through the tissue
slides, and the reference signal is the THz signal transmitted without the tissue slides. The
THz electric field pulses can be calculated as a function of time and the frequency for both
signal crossed the tissue sample and reference passed nothing. The frequency domain spec-
tra are obtained by the fast Fourier transform (FFT) in this work. The refractive index n(w)
describing the dispersion and absorption coefficient a(w), describing the absorption charac-
teristics, can be calculated through the following equations [33]:
p@)xe

@ = 9% 1 q (1)
_2kw _ 2, 4nw)
a(w) = c - dlnA(a)) (n(w) +1)* @

for which w is the frequency, and p(w)k(w) and ¢(w) are functions for the amplitude ratio,
extinction coefficient, and phase difference of the sample and reference signals, respectively.
d is the thickness of sample, and c is the velocity of light in vacuum.

3.2. Chemometric methods applied in this chapter
3.2.1. Data preprocessing methods

The Savitzky-Golay (SG) method is a polynomial filter that performs numerical differentia-
tion and smoothing [34]. This filter removes the noise in the dataset analyzed and simplifies
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the computation during the model building. SG method has the ability to process the signals
with little delay and with no shifts of the peaks, and it can be performed in a computationally
efficient procedure by applying least squares on subsets of the data. In the dataset, a window
moves forward within 2m + 1 points fitting by a polynomial of degree p (in which p <2 m). The
dth (0 < d < p) differentiation of the original data at the midpoint is obtained by performing
the fitness polynomial. Finally, the convolution of the entire input data with a digital filter of
length 2m + 1 is performed by running least squares polynomial fitting [35, 36].

The multiplicative scatter correction (MSC) is a transformation method used to cope with scaling
and offset effects, which is mostly applied in spectral data analysis [37]. It is used to counterbal-
ance for additive and/or multiplicative effects in spectral data. MSC assumed that each spectrum
collected from the samples is determined on one hand by the actual sample characteristics and
on the other by the particle size. It can also decrease or remove physical effects like particle size
and surface blaze, and it corrects differences in the baseline and in the trend. The sample prepa-
ration for THz spectra collection always has problems about the difference of particle size during
grind and compactness during tableting. So, it has an advantage that the transformed spectra
are similar to the original spectra without the effect of baseline effect and the trend of a standard
spectrum and that an optical interpretation is therefore more easily accessible [38].

Orthogonal signal correction (OSC) can be applied to remove systematic noise such as baseline
variation and multiplicative scatter effects, which is a data processing technique introduced by
Fearn [39]. The basic idea of the OSC method is to remove the systematic variations in the collected
data that are orthogonal or not related to the properties of the dependent variables. The removed
information can be structured noise, such as baseline, instrument variation and measurement
conditions. Some reports show that the use of OSC may not result in calibration models with
lower prediction errors than models based on raw data. The advantage of using OSC lies in the
analysis and interpretation of the corrected data but not in decreased prediction errors. By remov-
ing orthogonal information, the important calibration information will be concentrated in fewer
principal components instead of being distributed among many linearly dependent variables.

The PC-OSC method used the constraints based on OSC and also applied the theory of prin-
cipal component analysis (PCA). The detailed procedure of PC-OSC can be referred in Ref.
[40]. The emphatic orthogonal signal correction (EOSC) method can be used for the baseline
correction of Raman spectra or near- infrared spectra, and it is a method that can be extended
to apply on THz spectra. The theory and procedures of EOSC can be found in Refs. [4, 41].

Asymmetric least squares (AsLS) method calculates complex baseline shapes by adjusting
the asymmetry parameter and the smoothness parameter. The asymmetry parameter is
related to the position of the baseline, and the smoothness parameter related to the flexibility
in the shape of the baseline. The AsLS method has been proposed by Zhang et al. [42]. By
minimizing the penalized least squares function based on the Whittaker smoother, AsLS
method estimates a background contribution and removes or decreases the baseline [43]. The
application of this method can be found in Ref. [44]. The initial range of lambda is 10>-10°,
and p is 0.099, which are experienced parameters based on literatures and our laboratory
work experience. We adapted the results to PLS models, respectively, and obtained the best
result when lambda is 10° [27].
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Wavelet transform not only can compress the data to extract feature information but also can
remove the noise in the spectral data. In brief, wavelet analysis is based on the wavelet transform
of analysis signal. The signal of different spatial scales (frequency) is divided into high-frequency
and low-frequency part, and the position of each component on the time axis remains the same.
A more detailed description of wavelet analysis algorithm can be found elsewhere [45].

Figure 3a displays raw THz absorption spectra of the prepared samples of binary amino acid
mixtures of L-glutamic acid and L-glutamine. Figure 3b, 3c and 3d displays the THz spec-
tra of the binary amino acid mixtures with preprocessing of SG smoothing, MSC, and AsLS,
respectively. From Figure 3, we can observe that the absorption spectra with processing of SG
smoothing have eliminated the effect of noise and display spectral characteristics more clearly.
By using MSC, the scaling and offset effects were removed. Normally, using OSC can get very
similar results to that applied in MSC. AsLS can eliminate or decrease the baselines in the THz
spectra of the samples. The absorption bands are more easily attributed to certain wavelength
in this work. The binary mixtures under different concentration ratios display certain quantita-
tive relation on THz absorption coefficients, which would be the basis for quantitative analysis
by THz-TDS transmission spectroscopy. We did not apply wavelet transform on the sample
analysis in this chapter, for the other preprocessing could obtain good result already. Anyway,
wavelet transform still should be considered in the future work, since it is a powerful method
for de-noising, compressing the dataset, removing the background information, etc.

Figure 3. The spectra of the L-glutamic acid and L-glutamine mixture samples after different preprocessing are
(a) raw THz spectra, (b) the spectra after smoothing, (c) the spectra after MSC, and (d) the spectra after AsLS.
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3.2.2. Examples of chemometric methods for regression model building of THz spectra
3.2.2.1. Principal component analysis

Principal component analysis (PCA) is commonly used to reduce the number of predictive
variables. PCA condenses all the spectral information into a few linear combinations of the
latent variables instead of the original variables. The linear combinations of the variables can
be used to summarize the data without losing too much information but remove noise in the
process [46]. It can be used to identify the underlying structure of large datasets and can be
used to identify groups within the data from complex mixtures. It can also be used for remov-
ing any contribution from noise.

3.2.2.2. Partial least squares

Partial least squares (PLS) is one of the most used chemometric techniques to build quanti-
tative model based on principal component analysis and principal component regression.
PLS extracts the orthogonal features from the spectrum and then constructs the correlation
between the spectra matrix (independent variable, X) and concentration matrix (dependent
variable, Y). The detailed procedure of PLS can be referred to in Ref. [47].

We have investigated PLS for quantitative analysis of L-glutamic acid and L-glutamine using
THz spectroscopy. Also, we compared the difference between iPLS and PLS. iPLS divided the
whole spectrum into several intervals and builds PLS model for each subset to evaluate the
most suitable sub-dataset for a stable model. The subset or several subsets with the lowest
root mean square error of cross validation (RMSECV) are chosen for the PLS model building
[27]. The iPLS yielded better results with low RMSEP (0.39 + 0.02%, 0.39 + 0.02%), and higher
R? values (0.9904, 0.9906) for glutamine and glutamic acid comparing to the conventional
PLS models.

We also analyzed binary isomer of saccharide mixtures, D-(-)fructose and D-(+)galactose
anhydrous quantitatively using THz-TDS combined with PLS. The result showed that
correlation coefficient (R?) between true and predicted values is higher than 0.9773. The
mean value of root mean square error of prediction (RMSEP) in cross validation set was
less than 1.26%.

Therefore, THz-TDS combined with chemometrics is feasible for quantitative analysis of the
biomolecular mixtures and may also be extended to analysis of more component mixtures.

3.2.3. Examples of chemometric for classification model building of THz spectra
3.2.3.1. Partial least squares-discriminant analysis

Partial least squares-discriminant analysis (PLS-DA) is a supervised classification method
based upon partial least squares regression [47]. The PLS-DA algorithm models the rela-
tionship between the measured variable of the dataset and the target variables correspond-
ing to the class label [48]. PLS-DA extracts the latent variables by reducing the dimension
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of the dataset like principal component analysis and finds the maximum separation among
the classes. The latent variables explain both the variance of the THz spectral data and the
high correlation with the response matrix that encodes the class membership [33]. Component
number, which has high relative with the accuracy rate and the percentage of the explained
variable, is a very important parameter for prediction accuracy and explanation of the model
that needs to be estimated for PLS-DA.

3.2.3.2. Support vector machine

Support vector machine (SVM) is a powerful machine learning method with associated learn-
ing algorithms that analyze data used for classification and regression analysis [49]. For clas-
sification tasks, based on the structural risk minimization principle, this method attempts
to find the separating hyperplane which has the largest distance from the nearest training
data points. LIBSVM was one of the mostly used toolboxes, and the SVM calculations in the
example in this chapter used the linear kernel function [50].

The two essential factors that affected SVM classification performance are (1) error penalty
parameter C, which is the compromise between the proportion of error classification samples
and algorithm complexity, and (2) form of kernel function and its parameters. Different ker-
nel functions have influence on the classification performance, while different parameters of
same kernel function may also affect the results.

3.2.3.3. Fuzzy rule-building expert system (FuRES)

FuRES is a classification tree model using fuzzy entropy of classification which each rule is
a temperature-constrained sigmoid logistic function [51]. The rules of FuRES are similar to
the processing units in most feed-forward artificial neural networks, while FuRES process-
ing units differ in that the weight vector is constrained to an optical length. The inductive
dichotomizer 3 is used for classification by minimizing H(C| A), the classification entropy.
The weight vector w should be normalized before modeling. A temperature parameter ¢ is
used to control the fuzziness of each rule. When optimizing the computational temperature,
the maximized extend of the entropy for classification can be found [4]. The equations for this
method are given below:

XA(xk) = (1 +e,(ka,a)/,),1 (3)

for which a is the bias value and x ,(x,) is the degree of fuzzy membership of object x,. [4]. The
conditional probability p(c,| ) is obtained by summing the membership functions with the
attribute a, and the class of c.The equation is given as follows:

p<ci‘ a}.) N éXA(xk)lg Xa(*) 4)

where 7. is the number of objects in class c. The classification entropy H(C| a)) of the attribute

a,is given by
H(C‘ a/.) = —Zp(ci‘ a].) In [p(ci| aJ.)] )]

[;
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The classification entropy H(C| A) of the system is the weighted sum of the entropy for each
attribute:

H(C|A) = gp(a/.)H<C| a) ©)

The FuRES model provides inductive logic in the tree structure of the classifier. In this way,
it can accommodate overlapping the data and avoid overfitting the data by the temperature
constraint. The advantage of fuzzy classification trees comparing to network classifiers is that
they furnish a simple inductive structure that is amenable to interpretation.

3.2.3.4. Fuzzy optimal associative memory (FOAM)

An optimal associative memory (OAM) is using a one-way data to replace binary image of
encoded multivariate data as a two-way binary image for fuzzy method [52]. Bipolar matrix
with similar size grid unit is built first. A vector of v variables is converted to v x  bipolar
matrix. After removing u unused grid, the number of grid is k ((v x h) — u) [4]. The FOAM
stores pattern in a weight matrix W, which expressed by

W= g;YiYiT @)

for which y. is the ith bipolarly encoded approach [4]. The stored grid-encoded spectra are
orthogonalized to form a basis using singular value decomposition. The encoded predicted
background scan z, can be obtained by

z, = V(VTZi) 8)

for which V is a matrix following the orthogonalized pattern of the collected data variables.
Then, z,is decoded to a spectrum vector by changing the gridding procedure. The data object
can be assigned to the corresponding classes to make the building fit with the minimum error
after reconstructing the raw data. In this chapter, FOAM used its standard configuration of
100 intensity grids and a 19-point triangular fuzzy membership function [4].

3.2.3.5. Validation

Bootstrapped Latin partitions (BPLs) are generalized for evaluation of calibration methods
based on cross validation and random sampling verification [53]. Unbiased evaluation of
classification or calibration methods is important, especially as these methods are applied to
increasingly complex datasets that are under-determined like THz spectra dataset. Precision
bounds, such as confidence intervals, are required for interpreting any experimental result.
By using BPLs unbiased and reliable evaluation can be gotten by systematically model with
samples drew from an arbitrary discrete distribution.

3.2.3.6. Example of diagnosis of cervical cancer

In this work, THz-TDS system was applied to detect the normal and malignant tissue sections
as an example for chemometric applications on THz spectral analysis. The classification mod-
els combined with different pretreatment methods were established to build a new diagnosis
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technique for cervical cancer diagnosis based on terahertz spectroscopy. The effects of differ-
ent preprocessing methods on THz spectra data to de-noise, remove baseline and optimize
model were investigated.

The normal and cancerous cervical tissues were collected and provided by Beijing Haidian
Maternal & Child Health Hospital. To keep the tissues, all the cervical tissues were put into
4% formaldehyde solution. The tissues were washed with ethanol solutions for dehydration
when we analyzed the samples. The tissues were put into xylene for hyalinization and then
embedded by paraffin wax before sliced into 8 um thick sections. The water-flatted sections
were spread upon quartz plates and then put in a regulated heating oven and dried. Two
replicate slides were prepared for each of the tissue sections [33].

To establish a model for diagnosis of cervical cancer, PLS-DA, FuRES, FOAM, and SVM were
used to build classification models. The parameter for FuRES and FOAM was determined
using a self-optimizing PLS-DA from the training datasets. A method to verify the accuracy
of classification and calibration models, bootstrapped Latin partition, was used for cross vali-
dation of the calibration dataset. When we built PLS-DA and SVM models for this study, the
matrix of category variables was used, one for the normal samples and two for the cancer
tissue samples. When the predicted value of an external test tissue sample in PLS-DA model
was smaller than 1.5, the sample was assigned to normal class or assigned to cancer class
otherwise [33].

The classification results of these methods were compared when the data was processed with
different preprocessing. MSC, SG smoothing, SG first derivative, EOSC, and PC-OSC were
used for pretreatment of the THz spectra, respectively, and the data were normalized before
modeling. The performance of preprocessing methods applied in this work was compared.
The results of the modeling approaches after pretreatment are evaluated by the pooled pre-
diction rates. The raw data were divided as training datasets and prediction sets based on KS
method. The pretreatments were constructed from the training datasets and applied to the
prediction sets. For cross validation, five Latin partitions bootstrapped 50 times were applied
to evaluate the prediction accuracy of the classification models with different parameters and
different pretreatments. For each bootstrap, the data were separate as training set and test set,
and each spectrum was used only once in the test set. Each time, four Latin partitions were
used for calibration during model building, and the fifth was used for prediction. The pre-
dicted results of the five test sets from each partition were pooled back after each validation
was finished. This approach was used for evaluations of all the classification models in this
work. The average prediction results were calculated with 50 bootstraps to give 95% confi-
dence intervals [33]. The number of components of the OSC model was selected by finding
the maximum average classification rate across internal 100x5 bootstrap Latin partitions. All
model optimization and construction were performed in MATLAB (MATLAB 7.14.0.334. The
MathWorks Inc.).

The obtained results showed that the FuRES and FOAM model using Savitzky-Golay smooth
by the first derivative and PC-OSC as pretreatment methods had provided a good predictive
results and their classification rates are 92.9 + 0.4 and 92.5 + 0.4 %, respectively [4]. The results
of the proposed methods show that terahertz spectroscopy combined with fuzzy classifiers

183



184  Terahertz Spectroscopy - A Cutting Edge Technology

could supply a technology which has potential for diagnosis of cancerous tissue. Combining
SG first derivative with PC-OSC as signal pretreatment procedure, the prediction accuracies
of the optimal SVM and PLS-DA were 94.0 + 0.4 and 94.0 + 0.5%, respectively. Therefore,
SVM and PLS-DA with the combination of SG first derivative and PC-OSC based on terahertz
spectroscopy of tissue can also provide a good application for diagnosis of cervical carcinoma.

Comparing the classification accuracies pretreated by different preprocessing methods, it
indicated that the classification models applied based on terahertz spectroscopy of tissue
could provide a better application for early diagnosis of cervical carcinoma, with high clas-
sification accuracies. Coupled with terahertz technology, the proposed procedure could pro-
vide a convenient, solvent-free, and environmentally friendly application that had a potential
development as cancer diagnosis method.

3.2.4. Examples of chemometric for resolution of THz spectra data
3.2.4.1. Multivariate curve resolution

Multivariate curve resolution (MCR) is designed to solve the analysis problem of mixture
systems following bilinear model. The MCR methods decompose the raw mixed measure-
ment datasets into matrix corresponding to pure concentration profiles and pure spectra.
Constrains following physical and chemical property can be flexibly used during iterations
when alternating least squares is applied and the maximum variance of the raw measure-
ment data is explained. The profiles in the bilinear model resolved by MCR are physically
and chemically meaningful and correspond to interpretable patterns of variation of principal
components [27, 54, 55].

In our study, MCR-ALS was applied to resolve binary amino acid mixtures of L-glutamic
acid and L-glutamine analyzed by THz-TDS. Non-negativity constraint was applied on
both spectra and concentration directions during the iterations. The spectra of the pure ana-
lytes obtained from the MCR displayed are corresponding to glutamine and glutamic acid.
MCR results provided fitting error in % (exp) is 6.731, and percent of variance explained (R?)
at the optimum is 99.55, and this results show that the MCR model can fit the raw data well in
this case. The correlation coefficients (1*) between the reference THz spectra of pure analytes
and those resolved pure spectra for each principal component by MCR are 0.9990 and 0.9979
for glutamine and glutamic acid, respectively. The spectrum of glutamine resolved by MCR is
in good agreement with that measured by THz in the laboratory. The fitting constant is 0.9999.

MCR-ALS was also applied to resolve the binary isomer mixtures of D-(-)fructose and D-(+)
galactose analyzed by THz-TDS. The absorption spectra of the two components obtained by
MCR-ALS were well fitting to spectra of pure D-(-)fructose and D-(+)galactose anhydrous,
which were obtained from experiment data in the same condition, respectively. The results
of correlation coefficient between THz spectra obtained by MCR-ALS and pure D-(-)fructose
and D-(+)galactose samples are 0.9974 and 0.9933, respectively. Relative concentrations of the
two components were resolved by MCR-ALS, and they can fit the true concentrations well.
MCR-ALS successfully resolved pure THz spectra of the components in the binary isomer
mixtures and their corresponding concentrations.



Application of Terahertz Technology in Biomolecular Analysis and Medical Diagnosis
http://dx.doi.org/10.5772/67090

Hyperspectral images based on infrared, near-infrared, Raman, and fluorescence are an active
area of research that has grown quickly since a decade ago [56]. THz time-domain imaging is
an emerging modality and has attracted a lot of interest since THz spectra got successes [57].
MCR-ALS can easily resolve the pure spectra and their corresponding concentration distribu-
tions from hyperspectral imaging, as well as external spectral can be used for local rank con-
straints. In the future, MCR-ALS can be proposed to resolve the biomedical images based on
THz spectroscopy based on the development of THz hyperspectral imaging [56]. We believe
that THz time-domain imaging will provide potential for medical diagnosis.

4. Does terahertz radiation lead to DNA or tissue damage?

Investigations of the interaction between nonionizing electromagnetic radiation and biological
systems are necessary before the application of electromagnetic radiation in medical diagno-
sis. Recent emergence and growing use of terahertz radiation for medical imaging and public
security screening raise questions on reasonable levels of exposure and health consequences
of it. In particular, picosecond-duration THz pulses have shown promise for novel diagnostic
imaging techniques. From different studies, the researcher got different conclusions on the
effects of THz pulses on human cells and tissues. Titova et al. studied the biological effects of
THz radiation on artificial human skin tissues [58], and their work shows that THz pulse irra-
diation may cause DNA damage in exposed skin tissue when intense THz pulses are applied.
They consider that DNA damage repair mechanisms are quickly activated after THz radia-
tion. But they found that the cellular response to pulsed THz radiation is significantly differ-
ent from that induced by exposure to UVA (400 nm). However, Hintzsche et al. investigated
power intensities ranged from 0.03 to 0.9 mW/cm and the cells were exposed for 2 and 8 h.
Chromosomal damage and DNA damage were not detected in the disdained condition. Cell
proliferation was also found to be unaffected by the exposure [59]. Bogomazova studied DNA
damage and transcriptome responses in human embryonic stem cells (hESCs). They did not
observe any effect on the mitotic index or morphology of the hESCs following THz exposure
[60]. Anyway, THz is still one of the most harmless techniques for biomolecular analysis and
medical diagnosis, and it will be powerful to detect the information from DNA, protein, or
tissues.

5. Conclusion

Terahertz technology is progressing in biological and medical diagnosis in recent years. It
has potential to be applied on analysis of biological molecular, cellular, tissues and organs,
since terahertz is a nondestructive technique. The study displayed in this chapter indicates
that terahertz spectroscopy and terahertz imaging technology combined with chemomet-
rics can give accurate classification for normal and cancer tissues, predict the concentration
of different compounds, and resolve the pure THz spectra of biomolecules in mixture sys-
tems. Comparing the classification accuracies pretreated by different preprocessing methods,
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it indicated that the models applied based on terahertz spectroscopy could provide a better
application for medical diagnosis. Terahertz is still one of the most harmless techniques for
medical diagnosis, and it is hopefully to be developed as a powerful technique to detect the
information from biomolecules or tissues in the future.
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Abstract

Electromagnetic waves in the 0.3-3.0 THz frequency range are considered to have great
potential in research and industry; thus, compact, solid-state and continuous-wave
(CW) terahertz sources have been developed throughout the vast field of science and
technology. Since the first demonstration of terahertz emission from intrinsic Josephson
junctions (IJ]Js) in the high-temperature (high-T.) superconductor Bi,Sr,CaCu,Os.s,
terahertz generation utilizing stacks of IJJs has become a major topic of research, both
experimentally and theoretically. In this chapter, we describe recent progress on the
development of high-T. superconducting terahertz sources. We demonstrate that these
superconducting terahertz sources emit continuous terahertz radiation and generate
power in the microwatt range at broadly tunable frequencies in the range of 0.5-2.4
THz. The solid-state source is extremely small in size and its output power is sufficiently
stable during operation. In addition, we also established a transmission imaging system
using high-T. sources to promote effective use in various applications.

Keywords: CW terahertz source, high-temperature superconductor, intrinsic Joseph-
son effect

1. Introduction

The intrinsic Josephson effect as a tunneling of cooper pairs between adjacent CuO, planes
inside highly anisotropic high-temperature (high-T.) cuprate superconductors has attracted
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much experimental and theoretical attention since its experimental observation in 1992 by
Kleiner et al. [1]. They observed the characteristic quasiparticle current-voltage branches
corresponding to the individual switching of intrinsic Josephson junctions (IJJs) in single
crystalline BiySr,CaCu,Og.s (Bi-2212), which consists of an atomic-scale stack of supercon-
ducting CuO, layers in between insulating Bi,O, layers. Figure 1(a) shows the crystal structure
of Bi-2212 and scheme of the IJ]. This experimental verification had a considerable influence on
the concept of high-T. superconductivity because it essentially ensures inhomogeneity of the
superconducting order parameters. This rather surprising consequence naturally leads one to
the new material concept of high-T. superconductors as stacks of superconductor-insulator-
superconductor devices. Some reviews of the phenomenon and the present status of research
regarding the theoretical understanding have already been published [2]. In 1962, Josephson
predicted that the tunneling current of cooper pairs through weakly coupled superconductors
can be expressed as | = ] sin (p,—¢, ), where ] is the critical current density and (@,—¢, ) is the
phase difference of the wave functions in two superconductors [3]. When the current reaches
J.» a chemical potential difference u,—u, = 2eV appears between two superconductors. The
phase difference alters with time by ¢,~¢, = —(2eV)t/A Hence, an AC Josephson current,
J =], sin (wjt + ¢,), can be produced at the Josephson frequency
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Figure 1. (a) Crystal structure of Bi,Sr,CaCu,QOg.s (Bi-2212) and scheme of the intrinsic Josephson junction. (b) Schematic
view of the mesa-type high-T. superconducting terahertz source.
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As this universal relation is determined only by fundamental physical constants, the Josephson
junction can act as a perfect DC/AC convertor: for example, application of 1 mV corresponds
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exactly to the generation of electromagnetic oscillation at 0.483 THz. A recent highlight was the
development of flux-flow oscillators based on high-quality Josephson junctions [4]. The maxi-
mum electromagnetic radiation power generated typically ranges from several nanowatts to a
few microwatts [5, 6], whereas the frequency tunability is strictly limited by the superconducting
gap energy, which is typically 750 GHz for a niobium-based junction. The use of discrete
arrays of Josephson junctions enables the emitted power, the linewidth and the impedance to
be optimized by adjusting the topology of the circuit. Nevertheless, the maximum power is
insufficient to permit Josephson junctions to be used as practical high-frequency sources. The
reasons for this include poor impedance matching, microwave losses and significant power
generation at higher harmonics. The voltage fluctuation causes a broadening of the spectral
linewidth; for example, a typical linewidth of 160 MHz has been obtained [7]. However, a
linewidth below 1 MHz is required to use Josephson junctions as local oscillators of a subTHz
frequency band receiver.

In 1986, high-T, superconductivity was discovered by Bednorz and Miiller in the Ba-La-Cu-O
system [8]. Subsequently, Maeda et al. found a new phase of Bi-2212, which is the representa-
tive compound in a series of Bi-based cuprate superconductors Bi,Sr,Ca, 1Cu,Oy
(n=1,2,3, ), exhibiting relatively high-T. [9]; i.e., the T, of Bi,Sr,CayCuzO10.s with n =3
exceeded 100 K. In a subsequent study, T, records were achieved with TI- and Hg-based
cuprates of 125 K [10] and 135 K [11]. The reason why so many studies have been concentrat-
ing on the Bi-2212 phase is that large and high-quality single crystals of this material are easily
grown by the floating zone method [12]. The cleavable crystal enables us to obtain a clear
crystal surface, which is indispensable for studying the material properties. Accordingly, a
number of interesting phenomena have been observed and discussed in the Bi-2212 system.
For example, clear experimental evidence for the melting of the classic Abrikosov vortex lattice
in a wide temperature range below T, [13] was obtained as a consequence of a number of
experimental and theoretical studies.

In 2007, Ozyuzer et al. [14] published the first report on the intense, continuous and coherent
terahertz electromagnetic wave radiation from the IJJs in Bi-2212. Figure 1(b) shows a sche-
matic view of the mesa-type IJJ terahertz source. Since this discovery, a great deal of interest
has been drawn not only to the physical mechanism of the radiation but also to the possible
variety of applications in the vast field of science and technology. In this chapter, the authors
describe a study on the fundamental mechanism of terahertz radiation from the high-T,
superconductor Bi-2212 and recent developments in potential applications. Although a con-
siderable number of theoretical studies have been conducted to understand the mechanism of
terahertz radiation, our focus remains on the experimental work because of space limitations.

2. Experimental

2.1. Sample preparation

Single crystals of Bi-2212 were prepared by a traveling solvent floating zone (TS-FZ) tech-
nique [12]. This technique is appropriate for growing incongruent melting materials including

193



194  Terahertz Spectroscopy - A Cutting Edge Technology

high-T. cuprate superconductors. The TS-FZ technique has some remarkable advantages in
comparison with other conventional techniques such as the flux method. For instance, the
TS-FZ technique enables us to obtain high-purity single crystals because there is no need to
use a container or crucible. In addition, the TS-FZ technique enables us to overcome the
problem associated with the uncontrollable doping process of cationic elements, which is a
key ingredient required for high-T, superconductivity. Single crystals of Bi-2212 were grown
in air at a growth rate of 0.5-1.0 mm/h using an infrared convergence-type floating zone
furnace [15]. A molten zone forming between the crystal and the feed rod was placed at the
center of the ellipsoidal mirrors. Counter-rotation of both the feed rod and crystal was used to
achieve homogeneous heating of the zone and especially to promote mixing. The single
crystal then grows as the feed rod and the crystal moves down simultaneously. An as-grown
Bi-2212 single crystal rod can be easily cleaved into thin slabs using a knife and Scotch tape. In
this chapter, as-grown crystals were annealed at 650°C for 24 hours in argon gas mixed with
0.1% oxygen in order to obtain slightly underdoped crystals. The temperature dependence of
the c-axis resistance shows behavior typical of slightly underdoped Bi-2212, as shown in the
inset of Figure 3(a).

Bi-2212 mesa samples were fabricated either by the focused ion beam (FIB) milling technique or
photolithography technique. A piece of cleaved Bi-2212 crystal with the dimensions 110.01
mm® was glued onto a sapphire substrate and silver and gold thin layers were evaporated onto
it. In this study, the author attempted to fabricate three different types of mesa: terrace-type,
groove-type and stand-alone-type mesas, as presented in Figure 2(a)-(c), respectively. The terrace-
type mesa was milled by using conventional photolithography and the argon ion milling
technique. The groove-type mesa was fabricated by patterning a 10-um wide groove around
the mesa by FIB milling. The stand-alone-type mesa was made by depositing a narrow gold strip
on a single crystal, followed by argon ion milling and cleavage from the milled substrate. Then,
the mesa was attached to a thin gold layer covering the sapphire substrate. Thin gold wire
electrodes were fixed onto the top surface of these mesas and the substrate by silver paste. In
this study, one rectangular terrace-type mesa, one rectangular stand-alone-type mesa and groove-
type mesas with three different geometrical shapes (rectangle, square and disk) were fabricated.
The sample dimensions and profile curves were measured using atomic force microscopy
(AFM). The obtained cross-sectional profile is considerably slanted and rounded at the edges,
resulting in an approximately trapezoidal shape. Typically, the cross section of the upper
section is approximately 10% smaller than that of the lower section. The total number of
embedded junctions is estimated from the mesa height d.

2.2. Measurement setup

The current-voltage characteristics (IVCs) were measured with the conventional electrical
circuit for a resistance measurement, as shown in Figure 2(e). The load resistance R, the
standard resistor Rg =10 Q) and the mesa sample are connected in series to the function
generator. The current I is obtained from the voltage drop at Rs. The mesa voltage V is
measured directly using a DC differential amplifier. To measure the multiple IVC branches,
we use the constant voltage source instead of the function generator. The load resistance R is
typically set to 100 Q.
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Figure 2. Schematic views of (a) terrace-type, (b) groove-type and (c) stand-alone-type mesa samples. (d) Optical micros-
copy image of the groove-type mesa sample. (e) Electrical circuit diagram for measuring IVCs. (f) Optical system for
detecting the terahertz emission and measuring the emission frequencies.

Figure 2(f) shows an optical system for detecting the terahertz waves emitted from the sample.
The output intensity is monitored during the bias scan using a Si bolometer. A He-flow type
cryostat with two optical polyethylene windows was used for cooling the sample. The sample
was mounted on a cold finger. The bath temperature T; was monitored using a RhFe ther-
mometer attached close to the cold finger. The detection angle 0 can be adjusted by rotating the
sample holder. The optical chopper was used to modulate the emitted terahertz wave at 80 Hz
for the lock-in detection. We used a Fourier transform infrared (FT-IR) spectrometer to mea-
sure the emission frequencies.

3. Geometrical cavity resonance

The IVCs and terahertz-emission intensity for disk mesa D3 (groove-type, radius a = 61.5-65.0
pum and d = 1.6 pm) at T = 25.0 K are displayed in Figure 3(a) in black and red, respectively.
In Figure 3(b), the emission region is presented at an expanded scale. The most intense
emission occurs on the return branch of the outermost IVC curve, where all stacking IJJs are
in the resistive state. In most cases, the radiation is observed in a narrow [-V range; for
example, V =0.96-0.98 V and I = 10.8 mA for sample D3. As the bias current is decreased,
emission suddenly ceases due to a jump to an internal IVC branch. It is interesting to note that
emission usually occurs within a sample-dependent range of the base temperature of the mesa.
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For example, mesa D3 emits between 10 and 50 K. During the emission, since a DC of 11 mA
is supplied to mesa D3, it is inevitably heated at 11 mW power. This huge heating power
density cannot be removed quickly enough from the mesa to maintain equilibrium, resulting
in a considerable increase of the mesa temperature [16]. The local heating may induce a chaotic
nonequilibrium state and may adversely affect the emission of terahertz radiation.
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Figure 3. (a) IVCs (black, scale on the left) and output intensity detected using the Si bolometer (red, scale on the right) for
disk mesa D3 at T, = 25.0 K. (b) Details of the shaded high-bias regime in Figure 3(a) where the emissions are observed.

Figure 4(a) shows the far-infrared spectra of the terahertz radiation from three disk mesas with
different radii: D1 (2 = 33.9-38.9 um), D1 (2 = 48.9-51.5 um) and D1 (a = 61.5-65.0 um). The
emission frequencies increase with decreasing radius, thereby indicating the geometrical cav-
ity resonance effect. In Figure 4(c), the emission frequency f is plotted as a function of 1/2a.
The dashed line represents the calculated cavity resonance frequency

c X110
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where yq; = 1.841 for the TM(1, 1) mode [17]. The emission frequency f is clearly proportional
to 1/2a. The data were fitted with n = 4.2, which is in good agreement with previous results
[18]. Note that this n value is about 50% larger than that obtained from infrared spectroscopy
[19]. In addition, for each disk mesa, the second harmonic at 2f is clearly visible and these
frequencies are distinguishable from those of the nearest higher cavity modes [20].

The resonance frequencies of the TM(m, p) modes for a rectangular cavity of width w and
length ¢ are in the form [21]:

o=y )+ (0)" ®

It is very curious that the TM(0.1) mode for rectangular mesas has never been observed in
previous experiments. Since the mesa is considerably heated by the DC current, the
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inhomogeneous temperature distribution inside the mesa prevents the formation of standing
electromagnetic waves, particularly along the longer rectangular dimension. However, such
hot spots with T even exceeding T., as observed by Wang et al. [22], do not seem to be a
problem in our experiments, since the fundamental frequencies of disk mesas excellently obey
the linear relationship of the cavity resonance frequency with the inverse of a. The discrepan-
cies in relatively long rectangular mesas with w< ¢ = 300—400 pm may have a different origin.
This was verified by the fabrication of rectangular mesas with different £/w ratios. Figure 4(b)
shows the observed frequencies for rectangular mesas as a function of 1/w. The dashed lines
represent the cavity resonance frequencies for the TM(1,0) modes. It is obvious that the
frequency obeys the TM(1,0) cavity resonance mode very well, definitely not the TM(0,1)
resonance mode.
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Figure 4. (a) Radiation spectra measured using a FT-IR spectrometer for three disk mesas. Observed frequencies f vs. 1/w
for rectangular mesas (b) and 1/24 for disk mesas (c). The dashed lines represent the cavity resonance frequencies for TM
(0,1) for the rectangular mesa and TM(1.1) for the disk mesa.

4. Anisotropic spatial emission patterns

The basic antenna theory excellently explains the spatial emission patterns of electromag-
netic waves from the conventional antenna element, which consists of a normal metal, the
dielectric material, etc., by solving Maxwell's equations for the electromagnetic fields. These
electromagnetic waves originate from either an electric current flowing through the
conducting surface or an electron charge orderly distributed within the element. Hence,
measuring spatial emission patterns from the emitting device enables us to investigate both
the internal electromagnetic fields and the surface current distribution. In the case of the IJJ
terahertz source, the situation must be substantially different from the conventional antenna
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element due to its superconducting characteristics. The excitation mode inside the disk mesa
was investigated by measuring the angular dependence of the radiation intensity I(6), where
0 is the variable detection angle defined in Figure 2(f).

Figure 5(a) shows I(0) for disk mesa D3 in an arbitrarily fixed plane. The shadowing effect of the
radiation from the superconducting Bi-2212 crystal wall outside the groove is expected to be
negligibly small in the first approximation. In Figure 5(a), the following characteristic features
are noted: first, I(0) is strongly anisotropic, having a maximum around 6 = Opa = 20-35° from
the top (0 = 0°), where a local minimum occurs with the intensity ratio 1(20)/1(0)~1.5-2.0—.
This shallow minimum feature is almost the same as for rectangular mesas as discussed later,
although Opmay is somewhat less than the corresponding rectangular mesa value. Second, I(8)
rapidly diminishes as 8 approaches —90°. I..v(6) is calculated by assuming the TM(1,1) cavity
mode alone which is shown as the black dashed curve in Figure 5(a) [20]. Clearly, the calculated
Iay(0) does not fit the experimental data, especially near to 6 = 0, where Iy (0) is a maximum
[20]. This disagreement can be removed by introducing the superposition of the radiation from
the uniform AC Josephson current source with the same Josephson frequency, as described for
rectangular mesas [18, 20]. Subsequent to similar calculations that were conducted by introduc-
ing the mixing parameter a = 1.44 into the dual source model, where the mixing parameter
corresponds to 41% of the radiation arising from the uniform AC Josephson current source, a
more optimal fit is obtained for the experimental data as shown by the solid orange curve in
Figure 5(a). It is significant that the intensity from the uniform mode is comparable to that of the
fundamental cavity mode, as in rectangular mesas [18]. Neither higher disk cavity excitation
frequencies of the Bessel type nor subharmonics were observed in Figure 4(a). This experimental
evidence clarifies unambiguously that the terahertz radiation is mainly generated by the uniform
mode of the AC Josephson current. However, it does not necessarily mean that the geometrical
cavity resonance is not entirely unimportant for the determination of the actual radiation fre-
quency values. An extended study of the spatial radiation patterns of the higher harmonics could
provide additional supporting information for these conclusions.

The 0 dependence of the radiation intensity for the rectangular mesa R3 (terrace-type,
w=774-4.5 pm, { = 400 um and d = 1.2 pm) in the yz-plane I(0;) and in the xz-plane 1(6,)
are shown in Figure 5(b) and (c), respectively, where I(6;) and I(6,) and the coordinates are
defined in Figure 2(a). As clearly seen that the observed emission has a considerably charac-
teristic anisotropic pattern in comparison with the usual antenna elements. Typically in our
results with other samples, the emission is usually stronger in the yz-plane than in the xz-plane,
suggesting that the standing electromagnetic wave is certainly excited along the shorter side.
The radiation intensities I(6;) in these figures are normalized at the maximum value obtained
at 81 = 0, = 0°. As a result, the following characteristic features of spatial patterns are eventu-
ally obtained: first, I(6) in the yz-plane has a maximum value, I(6; = -30)/I(6; = 0)~2, with a
nearly symmetrical pattern. Second, I(6;) has a local minimum at the top, although it differs
from sample to sample [18]. These commonly observed sample dependencies may arise from
various differences in the properties among mesa samples, which are, for example, spatial
inhomogeneities in the AC Josephson current due to a heating effect. Third, small but clear
minor lobes are observed at 8; = 6,~75° as shown in Figure 5(b) and (c), whereas their
integrated intensity appears to be only a few percentage less than the total. These lobes might
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be caused by the higher harmonics. The higher harmonics seems to hardly contribute to I(0)
because of the weakness as mentioned before. The standard antenna theory predicts that the
radiation intensity /(6) should reach a certain maximum value at the top of the mesa [23],
where 0; = 0, = 0° in the present system. However, our experimental results clearly show a
different behavior from this prediction, in which the electromagnetic wave excitation is simply
induced by the fundamental rectangular cavity mode. Here, if we assume a oscillating
superconducting current spatially uniform in surface direction as well as in the case of disk
mesa, [(0) would rapidly diminish as 6 approaches to 0° and would reach a maximum value at
90° resulting from the dipole radiation. Furthermore, in the actual case, the superconducting
substrate of Bi-2212 and other obstructions in the optical path may also cause some compli-
cated problems.

_ e_,y rj-s jﬁat;:::{u"} 90
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Figure 5. Polar plots of the radiation intensity I(6) for (a) disk mesa and rectangular mesa in (b) yz-plane and (c) xz-plane.
The solid and dashed lines are the best fits to the dual-source model and its cavity component, respectively.

5. Tunable radiation from internal current-voltage branches

Most workers considered the enhancement of the power of the output radiation by the excita-
tion of an internal cavity mode to be such that the radiation from the AC Josephson current
source alone was too weak to observe. However, recently, the contributions to the output
power from the AC Josephson current source alone and that enhanced by resonance with an
internal electromagnetic cavity source were found to be comparable in magnitude [18, 24].
Here, the authors show clear evidence that the mesas can emit radiation at many frequencies,
without strong interaction with an internal cavity mode. More importantly, the resulting
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radiation is tunable over a broad range of frequencies, allowing the possible construction of a
powerful device that could fill the terahertz gap [25].

The authors found that electromagnetic emission also occurs at many points in the inner region
of the multiply branched IVCs, where the number of the resistive IJJs N = 1,2, ---, Nyay is fixed
but different for each branch. Np,.x is the number of IJJs in the stack estimated from the mesa
height d. In Figure 6(a) and (b), the radiation frequencies f are plotted as color-scaled symbols
on the high-bias regions of the multiply branched IVC structures for R3 (groove-type, w = 99.2—-
102 um, ¢ = 137-140 pm and d = 1.3 pum) at T, = 35.0 K and R2 (stand-alone-type, w = 61.1-
63.7 pym, { = 331-333 um and d = 1.5 um) at Ty = 52.5 K, respectively. The insets show the full
IVCs. All of the R1 curves in Figure 6(a) bend backwards with increasing current, indicative of
Joule heating. However, R2 is less susceptible to heating effects and its IVCs in Figure 6(b) are
monotonic. The radiation spectra were obtained at as many I-V bias points as possible. At
some bias points, denoted by open diamonds, no emission was detected.
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Figure 6. Emission at the color-coded frequencies was observed at the filled diamonds for R1 (a) and for R2 (b). No
radiation was detected at the open diamonds. Arrows indicate the numbers of resistive junctions Ny obtained from fits to
the AC Josephson relation. The two insets show the full IVCs for each sample.

By repeated measurements of the emission from a particular IVC branch with constant N,
the author confirmed that f satisties the AC Josephson relation f = f; = (2¢/h)V/N. In Fig-
ure 7(a), the emission data from the IVCs of R1 shown in Figure 6(a) was replotted in terms
of f(V), representing the data from each branch in terms of unique symbols and colors. By



Broadly Tunable CW Terahertz Sources Using Intrinsic Josephson Junction Stacks in High-Temperature...
http://dx.doi.org/Chapter DOI: 10.5772/67087

fitting the data for a particular branch to the AC Josephson relation with N = Ny, the
experimental best-fit value N, for each emitting branch was determined. Three examples
each for R1, respectively, are indicated by the dashed lines in Figure 7(a) and the arrows in
Figure 6(a). In the inset in Figure 7(a), the entire emission data from the respective inner
branches are plotted as f(V/Ng). For both R1 and R2, the AC Josephson relation
f=f;=2e/h)V/Ng is very well obeyed. As Figure 7(a) clearly demonstrates that f is
slightly tunable on each branch (indicated by a fixed symbol and color), in Figure 7(b) and
(c), we replotted the data from each respective R1 and R2 branch as f(Ng;). Although for both
samples f is tunable as indicated by the vertical bars for each fixed branch number Ng;, R1
and R2 display rather different aspects of tunability. The overall tunability of the two
samples is nearly the same, with R1 and R2, respectively, being tunable from 0.44 to 0.78
THz and from 0.43 to 0.76 THz, respectively. However, for R1, this range is primarily due to
the f-dependence on the IVC branch number, whereas for R2, the tunability is greatest on a
single branch.
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Figure 7. (a) Plots of f(V) for 11 IVC branches for R1. The three dashed lines represent the theoretical fits to
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6. Applications: terahertz imaging system

Radiation in the frequency range of 0.1-10 THz, known as terahertz waves, is known to be the
mostunique across the entire range of electromagnetic wavelengths, because of the unavailability
of compact and convenient sources [25] of radiation of these wavelengths. In recent years, much
effort has been made to overcome the above difficulty, particularly in the field of semiconductors
and laser technologies. Resonant tunneling diodes [26], unitraveling-carrier photodiodes [27]
and a quantum cascade laser [28] have been developed as useful terahertz sources. Recently,
graphene and carbon nanotubes have also been reported as good candidates for terahertz wave
generators [29, 30].

Because terahertz waves have the properties of being able to pass through various objects, such
as plastics, paper, ceramics, semiconductors, liquids and proteins, similar to radio waves, they
enable us to obtain images of various cm-by-cm wide substances [31], where the spatial
resolution is actually determined by the wavelength of the terahertz wave, typically 1 mm.
Since the radiation damage to these soft objects is known to be negligibly small in contrast to
that inflicted by X-rays, in fact there is much demand for the nondestructive and noninvasive
imaging technique in the field of the material inspection, medical diagnostics, security checks
and environmental monitoring. Moreover, measuring the absorption spectrum in the terahertz
region, where various molecular vibration modes of organic and high-molecular compounds
dominate the electromagnetic wave absorption, one can identify the chemical substances both
qualitatively and quantitatively. To realize these applications, compact, solid state and reliable
source devices are strongly desired in spite of their technical difficulties.

Previous studies found that the present IJJ system can be used as a terahertz source device
emitting continuous and microwatt power terahertz waves at tunable frequencies between 0.5
and 2.4 THz [32]. These device characteristics enable us to accumulate the data for an individ-
ual measurement point at high resolution in a few milliseconds or less. A solid-state IJ] device
is extremely small in size and its output power is sufficiently stable during operation. We have
attempted to demonstrate a terahertz imaging experiment using IJJ sources in order to pro-
mote the effective use of the present IJJ device for various practical applications.

The imaging system consists of a He-flow cryostat, two off-axis parabolic mirrors, a scan stage
and a fast hot-electron (HE) bolometer as shown in Figure 8(a). Two off-axis parabolic mirrors
1 and 2 with focal lengths of 152.4 and 220 mm and diameters of 75 mm are set to focus the
terahertz waves on the sample. The imaged object is fixed on a 1-mm thick quartz plate and
scanned in both the X-(horizontal) and Z-(vertical) directions using a biaxial scanner at a
variable speed below 130 mm/s. The practical maximum speed should be 80 mm/s, which
corresponds to a 5-ms time constant per data point when the measurement step is set to
submillimeter levels. Although the IJJ emitting device can be modulated much faster above
500 kHz, in the present setup the maximum scan speed only depends on the minimum time
constant of the lock-in amplifier. Nevertheless, the actual imaging has been performed at the
speed of 32 mm/s in order to obtain sufficient data points. Before starting every scan, the
optical path presented in Figure 8(a) is precisely adjusted by using the visible light from a
photodiode attached to the source position as reference. A high-speed InSb HE bolometer
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placed directly behind the scan stage is used for measuring the output intensity of the terahertz
waves passing through the sample. The IVCs of the IJ] device and the terahertz output
intensity are simultaneously monitored using two oscilloscopes (OSCs). The photograph in
the lower left part of Figure 8(a) shows the imaging system viewed from the top.

Figure 8. (a) Schematic diagram of the terahertz imaging system. The left lower photograph presents the actual system
viewed from above. Terahertz images of 5-yen (left) and 10-yen (right) coins (b) and a razor blade (c) placed inside a
brownish paper envelope. In these figures, the transmittance T is plotted in a color-coded scale. The photograph of each
object is presented beside their terahertz image.

An imaging experiment was performed with the following procedure: first, pulse-modulated
terahertz waves were generated from the IJ] source as follows: the DC source voltage is
modulated by a low-amplitude square wave below 100 mV at 10 kHz and then applied to the
device using the function generator. Maximum intensity is obtained by adjusting the offset
level of the DC voltage and stabilized well to minimize power fluctuations by adjusting the
amplitude of the square wave. The input current and the voltage were simultaneously moni-
tored using an OSC (see Figure 8(a)). The imaging data are accumulated by simultaneous
measurement of the sample position in the X- and Z-directions and the detected intensity. The
intensity is acquired by an AD converter installed in a PXI bus system (National Instruments
Co.) through the analog output channel of the lock-in amplifier. Some parameters such as
scanning speed, measurement area and measurement step could be set by a homemade
LabVIEW program. The obtained data are directly stored on the hard-disk drive and are
simultaneously displayed on the PC screen in real time.

As test examples, the terahertz transmission images of two Japanese coins and a thin razor
blade placed inside a brownish envelope presented in Figure 8(b) and (c), respectively, were
recorded. The photographs of these objects are presented beside their terahertz images. The
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emission frequency was set to 0.54 THz. Note that the envelopes were attached to the scan
stage without using a quartz plate. The screen size of the image in Figure 8(b) is 330250 pixels,
which corresponds to a measurement step of 0.20.2 mm?, whereas those of Figure 8(c) are 6080
pixels and 0.40.2 mm? which were appropriately set in terms of the required spatial resolu-
tion. It took at least 20 minutes to acquire each image. The observed image clearly reflects the
transmittance T of pixels corresponding to the measurement step of 0.20.2 mm” of the
terahertz wave through objects. The hole in the center of the 5-yen coin, which has a diameter
of exactly 5 mm, is vividly shown in Figure 8(b) (left). The estimated spatial resolution of ~1
mm is comparable with the Rayleigh limit. Based on the results shown in Figure 8(b), the
calculated transmittance of one sheet of paper is 79% and it is clear that the coins are not
transparent at all. It is interesting to note that several interference fringe-like patterns in the
deeper blue area in Figure 8(b) and (c) are clearly observed. Assuming that terahertz waves
with a wavelength of A = ¢y/f = 0.56 mm are reflected at the inner walls of the envelope and
interfere with each other, the interference condition would be expressed as 2ty = (1/2)2m,
where t, is the interspace distance between the inner walls of the envelope and m is an
integer. Hence, the distance between two neighboring fringes should be expressed as
tmi1—tm = A/2 = 0.28 mm. Since the thickness of the coin is 1.5 mm, at least 1.5/0.285—6
concentric fringes are expected to appear around the coins. This simple estimation agrees with
the experimental result shown in Figure 8(b). The interference effect is a unique property of
monochromatic terahertz waves, which may be useful for versatile purposes in applications of
interferometry and a wide variety of communications.

7. Summary

This chapter presents studies of terahertz electromagnetic wave emission from intrinsic Joseph-
son junctions in the high-temperature superconductor Bi,Sr,CaCu,0s. s (Bi-2212) and its device
applications. This chapter started with the introduction of the Josephson effect and other basic
formulations. Some historical developments concerning electromagnetic wave emission from
conventional junctions and arrays were mentioned as a pioneering contribution to the present
study. Sample preparation techniques and experimental setups were introduced. Photolithogra-
phy, argon ion milling and focused ion beam milling were discussed as techniques that were
used for the fabrication of terrace-type, groove-type and stand-alone-type mesa structures. The
geometrical resonance conditions were investigated using several mesas with different geomet-
rical shapes and sizes. The experimental results clearly demonstrate the validity of the cavity
resonance model. The spatial radiation patterns were measured and analyzed for disk and
rectangular mesas. As a result, significant anisotropic emission patterns depending on the mesa
geometry were observed. These results can naturally be understood by introducing the mecha-
nism that combines two radiation sources: the AC Josephson current and cavity mode excitation.
The current-voltage characteristics of the internal branches, which were found to emit radiation
across a broad frequency range, were examined to determine whether the excitation of an
internal cavity mode was an essential feature of the coherent radiation. Hence, it was concluded
that the primary source of the intense, coherent subTHz radiation is the AC Josephson current
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and that the internal electromagnetic cavity produced by the geometrical shape of the emitting
mesa is at the best of minor importance. The final part of this chapter presents a demonstration of
the terahertz imaging system using high-T, superconducting terahertz sources. As text exam-
ples, terahertz images of coins and a razor blade placed inside a brownish paper envelope were
presented. These images enable the interference fringes caused by the monochromatic terahertz
waves to be clearly observed. These demonstrations strongly confirm that this imaging system
would be useful in many practical applications, such as medical tissue diagnosis, food inspec-
tion, biological and biomedical imaging and environmental monitoring.

Several phenomena relating to terahertz radiation from high-T, superconductors remain
poorly understood. For instance, in some cases, two kinds of emission were found to be taking
place in two current-voltage regions: stable emission near the fully resistive region and unsta-
ble emission in the retrapping region. Understanding a complicated situation, it requires a
thorough investigation of the thermal properties of the system, such as the temperature
distribution inside the mesa. In addition, it is not obvious whether there is an upper limit to
the radiation intensity and even to the radiation frequency. The effect of a magnetic field on
terahertz emission continues to remain unclear, although selected theoretical predictions
regarding the enhancement of the radiation intensity have been published. Hence, further
studies are undoubtedly needed in order to elucidate these fascinating phenomena.
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Abstract

Recent years have witnessed successful developments of detection techniques of tera-
hertz (THz) pulse radiation and its imaging applications such as security, medicine and
environmental sensing, to name an important few. Progress of detection techniques has
been made in many aspects, including detection sensitivity, real-time detection, room-
temperature operation, detection bandwidth and dynamic range, spatial (wavefront) and
temporal profiles and so on. New detection techniques utilizing cutting-edge materials,
sensors, systems and even novel detection mechanisms contribute to advances in tera-
hertz pulse detection. While detection techniques continuously improve, terahertz pulsed
imaging (TPI) also finds broad and intriguing applications. For instance, TPI has shown
applications in nondestructive evaluation in pharmaceutics, biomedical characterization
of tissues, medical diagnosis of cancers, identification of explosive hazards and exami-
nation of art and archeology. The chapter highlights recent progress of terahertz pulse
detection techniques and imaging applications.

Keywords: Terahertz, Detection, Imaging, pulsed terahertz detection, terahertz pulsed

imaging

1. Introduction

Terahertz (THz) electromagnetic spectrum from 0.1 to 10 THz (3 mm-30 um wavelength) is
a scientifically rich frequency band that involves research in physics, chemistry, material sci-
ence, biology and medicine. In the past five years, there has been a prosperous rise of research
activity related to THz pulses, partly due to the advancement of various new technologies.
There is a range of applications based on the study of the interaction between matter (solid,
liquid, or gaseous) and THz pulses. To achieve further understanding and utilization of THz

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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pulses, it is essential to advance THz pulse detection techniques. Furthermore, there is a need
to develop novel and reliable THz pulse detectors that can facilitate diverse THz pulse appli-
cations. Another motivation for ameliorating detection techniques is the applications of THz
pulsed imaging (TPI). TPI has exceptional potential for applications in security, nondestruc-
tive evaluation, biological sciences and medicine.

The objective of this chapter is to review the state-of-the-art technology for THz pulse
detection and imaging developed in recent five years. A search in the Web of Knowledge
(Thomson Reuters) with “THz pulse” in “Title” has returned 589 articles during 2011-2015,
while the number of articles returned is 379 during 2006-2010 (the search was conducted
on June 24, 2016). Another search on Google Scholar with the same keyword “THz pulse”
generates 4020 and 2540 articles for the five years 2011-2015 and 2006-2010, respectively.
The two results show an increase of 55% and 58%, respectively, in the total number of
publications between the two five-year periods, which indicates the increasing interest
in the area of THz pulses. As stated earlier, the research field of THz pulse detection
and TPI is of unique significance. Therefore, the chapter is limited to, what the authors
consider, the most interesting recent research findings in the area of THz pulse detection
techniques and TPI applications including THz spectroscopy. The chapter is presented
in the following arrangement: Section 2 will elaborate on the significance of pulsed THz
technology, Section 3 will present recent THz pulse detection techniques, Section 4 will

focus on recent TPI applications and Section 5 will provide a summary and future outlook
in this field.

2. Significance of THz pulses

The THz pulse radiation is of great interest by several unique features. First, the use of a
short THz pulse enables the study of THz fields and the collection of information in time
domain, which is the underlying principle of THz time-domain spectroscopy (THz-TDS). A
variety of physical phenomena and material characteristics can be studied utilizing short THz
pulses [1]. For example, by studying the absorption of THz photons in doped semiconductors,
carrier dynamics can be studied [2]. For intrinsic semiconductors, the complex permittivity
or THz absorption coefficient and refractive index can be determined [3]. Second, since a
single-cycle THz pulse can be intense and short, it is experimentally possible to tap into the
regime of extreme nonlinear optics [4] where the usual approximation (e.g., the conditions for
complete state transfer) no longer holds. THz pulse radiation with high energies has found
many applications such as nonlinear spectroscopy [5], high harmonic generation [6], molecu-
lar alignment [7] and charged particle acceleration [8, 9], to name an important few. Third,
the spectral bandwidth of pulsed THz waves can be of the order of several hundred percent
of the center frequency and therefore, pulsed THz waves show promise in short-distance data
transmission at high bit rates.

Conventionally, optical sampling is used to perform time-resolved measurement of
THz responses. Free-space electro-optic (EO) sampling is one of the most common sampling
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techniques. Another common technique for detecting THz pulses is photoconductive
antennas [10, 11]. The single-cycle THz pulse can cover a wide spectral range (0.1-50 THz).
The two detection schemes are ideal for THz-TDS to investigate the spectral response of
materials. On the other hand, commercially available thermal detectors such as bolometers,
pyroelectric detectors and Golay-cell detectors are generally used for measuring THz pulse
energy. The three devices are maturely developed and can provide stable performance.
However, bolometer provides high sensitivity, but cryogenic cooling is necessary, while
the other two detectors show low sensitivity at room temperature, restricting detailed mea-
surement. The rapid development of THz pulse detection techniques such as time-domain
profile detection and energy measurement offers many advantages and will be discussed
in Section 3.

One primary application of THz pulse detection is TPI, which can provide a three-dimen-
sional (3D) map of the object by using the time of flight of THz pulses [12]. TPI can be
regarded as an extension of the THz-TDS. TPI can acquire not only valuable spectral infor-
mation but also 3D images. In image acquisition, a THz pulse is launched to the sample
and the reflected echo is measured in amplitude and/or phase. The time-of-flight informa-
tion of the echo pulse indicates the presence of the boundaries or inner structures along
the propagation direction of the THz, which extracts the one-dimensional depth profile. By
performing a two-dimensional (2D) scan from pixel to pixel, a 3D image of the target can be
visualized. Thus, TPI is possible to provide 3D views into a layered structure. Unlike THz
CW imaging, TPI can attain distinctive knowledge of the target, such as the spectral and
depth information, by using the acquired amplitude and phase information of THz waves
in the time domain. The critical benefit renders TPI valuable for diverse applications, such
as detection of breast cancer [13] and inspection of pharmaceutical tablets [14-17], to name
but a few.

Note that in the subject of THz pulses, there are issues relating to generation and detection,
devices and systems and applications. We focus our discussion on recent development, basi-
cally in five years, in THz pulse detection techniques and TPI applications.

3. Terahertz pulse detection techniques

In order to attain the potential offered by pulsed THz technology, the generation and
characterization of THz pulses play an important role in THz pulse applications. There
are many methods for THz pulse emission, such as photoconductive antenna [18], opti-
cal rectification [19] and laser-induced plasma [20-24]. On the other hand, several
approaches for THz pulse measurement are well established because of historically
long-term needs in detection technologies such as radio astronomy. The newly devel-
oped technology for THz pulse detection in recent years will be described in this section.
The progress has been made due to the advance of novel detection mechanism and mate-
rial science.
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3.1. Time-domain THz sampling

In recent years major efforts have been made to improve the performance of photoconductive
and EO sampling of pulsed THz wave. Photoconductive and EO methods are able to provide
large detection bandwidth for THz pulses, which is useful for spectroscopy. As for photocon-
ductive sampling, there are many studies and promising results [25-32]. (i) The sensitivity,
THz bandwidth and dynamic range of THz pulse detection are improved by fabricating pho-
toconductive antennas on InGaAs/InAlAs multilayer heterostructures [25, 26]. (ii) A nanow-
ire-based detector can be well suited for near-field THz sensing [27]. (iii) The detection of
highly confined THz fields is demonstrated by employing nanostructure of optical materi-
als [28]. (iv) Plasmonic contact electrodes are used to enhance THz detection sensitivity [29].
(v) Novel optical gating technique is used to realize subpicosecond temporal resolution in
pulse detection [30]. (vi) Some work is related to adapting photoconductive THz detectors
to THz-TDS systems [31, 32]. As for EO sampling, similarly, there are various progress such
as improvement of detection efficiency [33, 34] and dynamic range [35], polarization sensing
of THz pulses [36] and a new detection scheme based on the amplitude variation of optical
pulse [37].

3.2. Energy or power measurement

One important need in THz pulse applications is to measure the energy or power of THz
pulses. Recently there have been many investigations on new technologies.

We demonstrated a novel scheme based on photoacoustic conversion of carbon nanotube
(CNT) nanocomposite to realize efficient and real-time measurement of THz pulse energy [38].
Conventionally used thermal detectors utilize continuous heat integration to measure the
power of pulsed THz radiation. The power can be converted to energy with the pulse repeti-
tion frequency (PRF). Due to the mechanism of heat integration, most thermal detectors have
slow response times, which limit the characterization of energy of each THz pulse at high val-
ues of PRF. Unlike conventional thermal detectors, we utilize photoacoustic effect to realize
real-time detection of THz pulse energy. Specifically, the transient and localized heating in an
absorber by the absorption of THz pulse energy produces ultrasound, which is subsequently
detected by a sensitive acoustic sensor. Moreover, our method responds only to the pulse
excitation while rejecting other continuous radiations. In other words, in THz pulse detection,
the ultimate sensitivity will not be restricted by the background continuous radiation, thus
showing the potential for the efficient detection of THz pulse energy. In order to achieve effi-
cient detection, it is essential to optimize the efficiency for photoacoustic conversion and sub-
sequent acoustic sensing. We choose a CNT-polydimethylsiloxane (PDMS) nanocomposite to
achieve efficient THz-to-ultrasound conversion. This is because CNTs can efficiently absorb
THz radiation and then convert it into heat via THz absorption capability and low specific
heat of CNTs, while PDMS has a high thermal coefficient of volume expansion. On the other
hand, we employ a photonic device, a polymer microring resonator, as a highly sensitive
acoustic sensor. The resonator has a high optical quality (Q) factor of 1.3 x 10°. The acoustic
pressure impinges on the microring resonator, thus changing its effective refractive index
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and the resonance wavelength. To enable sensitive conversion of the ultrasound pulse to the
modulated optical intensity, we identify a wavelength where the local slope in the transmis-
sion spectrum is high and then probe the microring using this wavelength. The modulated
optical intensity is further recorded by a low-noise high-speed photodetector. A high Q factor
of the resonator correlates with a high slope in the transmission spectrum and therefore high
sensitivity of ultrasound detection. The setup of the PA detection of THz pulses is shown in
Figure 1. A two-color air ionization scheme is used to generate broadband THz pulses. The
noise-equivalent detectable energy of the technique is calibrated as ~220 pJ. We expect that
three orders-of-magnitude improvement in sensitivity are possible by configuring the nano-
composite in the form of an acoustic lens as well as employing a microring resonator with a
higher Q factor. The fast response time less than 0.1 ps is achieved, which is several orders
faster than that of a commercial pyroelectric detector (~0.1 s). In addition, the novel method
possesses other advantages such as room-temperature operation, compact detector size in
mm scale and wide spectral response for THz spectroscopy.
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Figure 1. Experimental setup for the photoacoustic detection of THz (PADTH) pulse radiation. Using a -barium borate
(BBO) crystal, we can obtain a second-harmonic laser field from its fundamental one. Then, mixing the fundamental
and the second-harmonic laser fields at the focus produces a broadband THz pulse radiation. We use a parabolic mirror
to collect and also collimate the THz radiation from the focus, and then we use a silicon wafer and a low-pass filter in
order to choose THz radiation with frequencies less than 6 THz. Finally, the THz radiation is refocused using another
parabolic mirror for detection test of the PADTH device, consisting of a CNT-PDMS composite for high-efficiency
THz-to-ultrasound conversion, ultrasound gel for sound coupling, and an optical microring resonator for sensitive
ultrasound detection. In the PADTH system, a CW tunable laser is used to probe the microring resonator at a high-slope
region in its transmission spectrum, and a high-speed photodetector is used to record the temporal optical intensity,
which duplicates the temporal acoustic pressure. Reprinted with permission from Ref. [38].

Sensitive room-temperature detection of THz radiation is highly difficult. A detection
mechanism based on the hot-electron photothermoelectric effect in graphene can be a
promising approach [39]. First, photo-excited carriers thermalize rapidly due to strong
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electron-electron interactions but lose energy to the lattice slowly. Next, the electron diffu-
sion due to the electron temperature gradient, as well as asymmetry or dissimilar contact
metals, produces a net current by the thermoelectric effect. Figure 2 shows optical and
atomic-force micrographs of the graphene THz detector made by microfabrication tech-
nologies. Each of the two metal electrodes consists of partially overlapping Cr and Au
regions and contacts the monolayer graphene flake. Electron temperature gradient AT is
produced across the device, then resulting in potential gradient AV. The photoresponse
is obtained by integrating AV over the length of the device. The graphene thermoelectric
THz detector shows sensitivity exceeding 10 V/W (700 V/W) at room temperature and
noise-equivalent power less than 1100 pW/YHz (20 pW/VHz), referenced to the incident
(absorbed) power. The sensitivity is comparable with that of the best room-temperature
THz detectors. Further improvements on orders-of-magnitude sensitivity is possible indi-
cated by studying a model of the response including contact asymmetries. A fast intrinsic
response time of 10.5 ps due to electron-phonon relaxation is estimated for THz time-
domain measurements.

100 pm

Figure 2.Graphene photothermoelectric detector device. The optical micrograph shows electrical contacts; the
atomic-force micrograph in inset shows bimetallic contacts connected to an exfoliated graphene layer. Reprinted with
permission from Ref. [39].

There are more examples besides the above two highlights. (i) Sensitive THz pulse energy
detection is demonstrated by wavelength conversion from THz waves to near-IR light using
LiNbQ, crystals [40]. (ii) Sensitive THz detection is possible through THz light amplification
in optically pumped graphene [41]. (iii) A THz line array detector with 20 elements is dem-
onstrated with an average noise equivalent power of 106.6 pW/vHz and the -3-dB bandwidth
of 0.18 THz [42]. (iv) A fast response time of 45 ps allowing the measurement of ultrashort
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THz pulses is achieved [43]. (v) Electroluminescence effect is utilized to develop a low-cost,
probe-beam-free THz detection system [44].

3.3. Other sensing works

There are some intriguing research works for THz pulse sensing. We incorporate some exam-
ples here. (i) THz detection capable of acquiring the entire spatiotemporal profile of THz
radiation in a single laser shot is demonstrated, which is based on space-to-time grading by
using a converging probe intensity front [45]. The approach does not require any specially
designed optics or precise alignment. The scheme has several merits such as a simple setup,
high temporal resolution and fast acquisition. Compared to the conventional EO sampling,
the technique reduces the time taken for data acquisition and thus may offer a decent option
for real-time detection of THz radiation. (ii) The wavefront characterization of THz pulses
is presented [46], which is realized by using a Hartmann sensor associated with a 2D EO
imaging system composed of a ZnTe crystal and a CMOS camera. The wavefront sensing is
crucial to applications such as optimization of far-field intensity distribution of time-domain
imaging or enhancement of the peak power of intense THz sources. (iii) Measurement of spec-
tra of THz pulses is realized by using a system consisting of channels for measuring ampli-
tudes of pulses and an algorithm based on the iteration method or the amplitude-frequency
method [47]. The spectrum measurement is essential to THz-TDS applications.

4. Terahertz pulsed imaging applications

THz imaging systems have been improved in recent years. The systems are intrinsically safe,
nondestructive and noninvasive and can answer many of the questions left unresolved by
complementary techniques, such as optical, Raman and infrared imaging [48]. Two types
of imaging, TPI and THz CW imaging, are used with their respective strengths and weak-
nesses [49]. TPI renders data richer in information. Specifically, depth information can be
retrieved in TPI, while THz CW imaging acquires intensity image data without depth infor-
mation. In this section, recent progress on the development of TPI systems will be introduced.
Besides, we will give an overview over a broad range of TPI applications such as medical
imaging and diagnosis, evaluation of tablets in pharmaceutics, painting investigation for art
and archeology, material characterization and detection of concealed weapons.

4.1. THz pulsed imaging system

TPI system has shown progress in different aspects such as development of a compact sys-
tem design suited to specific applications and enhancement of system performance including
resolution, imaging time and dynamic range. For example, the performance of THz com-
puted tomography (CT) is improved [50, 51]. THz CT can acquire and render 3D images in
the THz frequency range, as in the optical, infrared, or X-ray regions of the electromagnetic
spectrum [50]. A THz CT system using an injection-seeded parametric source for frequency-
tunable, Fourier transform-limited and high-power THz emission and a heterodyne detector
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for sensitive THz detection is demonstrated, as shown in Figure 3 [51]. This system covers a
frequency range of 0.95-2.7 THz and achieves a dynamic range greater than 90 dB, enabling
high-resolution 3D THz CT images of samples with strong THz absorption. For illustration, 3D
imaging of a pencil and a plastic product is obtained. The hidden lead as the internal structure
of the pencil and the internal defect of the plastic product can be successfully revealed, dem-
onstrating the system's capability and potential in nondestructive testing and evaluation of a
variety of industrial products, such as semiconductors, pharmaceuticals, plastics and ceramics.

THz-wave detectlon
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Figure 3. A 3D THz wave CT configuration. A THz image shown in inset is taken at the focal point using a THz imager
(IR/VT0831, NEC Corp.). ECLD, external cavity laser diode. Reprinted with permission from Ref. [51].

Besides the above highlight, there are more examples. We discuss some here. (i) A THz
InGaAs Schottky barrier diode array detector with 20 elements is built for real-time, com-
pact and portable scanners in a TPI system [42]. (ii) Another real-time TPI system is built
using a palm-size THz camera that contains a microbolometer array and a compact quantum
cascade laser (QCL) [52]. (iii) A real-time transmission-type THz microscope is proposed by
employing a THz penetration-enhancing agent, glycerol, to improve the THz penetration
depth in tissues because the glycerol has low absorption of THz waves compared with
water [53].

The use of novel THz sources, waveguides and detectors is valuable for THz imaging sys-
tems. The QCL in THz frequency is a compact source of THz radiation with high power
and high spectral purity. As such, the source is useful for many TPI applications such
as long-range imaging and materials analysis. The QCL-based THz imaging approaches
and their key advancements are reviewed [54]. Another example is that by utilizing a
split tapered waveguide with a subwavelength aperture, near-field THz imaging is accom-
plished [55].

4.2. Biomedical applications

Interest in biomedical THz research is growing rapidly [56, 57]. THz radiation has very
low photon energy and thus does not cause any ionization hazard for biological tissues.
Unique absorption spectra over the THz band have been found in different biological tis-
sues. The feature makes THz attractive for biomedical applications because THz can provide
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complementary information to existing techniques. TPI or THz-TDS is one essential approach
in biomedical THz research. In the following, we will describe TPI in various biomedical
imaging applications.

Studies of cancer by THz imaging or spectroscopy have gained increasing interests in recent
years [58]. First, the presence of cancer often induces increased blood supply to the affected
tissues and a local increase in tissue water content, which can be utilized as contrast for THz
imaging of cancer. For instance, a sample of dehydrated human colon tissues embedded in
paraffin is studied [59]. The results demonstrate the potential of THz imaging to distinguish
adenocarcinoma-affected colon areas and the ability to image dehydrated tissues. Second,
the structural changes in affected tissues can also be an important sign for diagnosis and can
be observed by THz imaging. As another example, a reflection THz imaging system is used
to identify tumors in freshly excised whole brain tissue from normal brain tissue based on
structural observation [60]. Because the THz reflection intensity is higher in brain tumors
than in normal tissue, the difference in the THz reflection intensity between the normal and
tumor brain tissues can be adopted for the diagnosis of cancer. Figure 4 shows the visual,
THz and MR images of fresh whole brain tissues with and without tumors. Figure 4(a)—(c)
shows the brain tissue with tumors and Figure 4(d) shows the normal brain tissue. The
tumor boundaries in the THz images agree well with those visible images, indicating that
the THz imaging technique could be useful for diagnosing brain tumors. Potentially, THz
imaging could be employed as a complementary label-free technique allowing surgeons
to determine tumor margins in real time. In addition, THz image contrast differences are
also observed in the normal brain tissue image in Figure 4(d) and these correspond to the
gray and white matter areas, showing the ability of THz imaging to study brain structure.
Furthermore, this study shows that the THz signals correspond to the cell density when
water was removed. In other words, the THz contrast between normal and cancerous brain
tissues can be distinguished not only by differences in the water content but also by differ-
ences in the cell density.

One other promising application of TPI is the study of breast cancer, which has been
explored extensively. (i) Breast tumor phantoms that match the refractive indices and absorp-
tion coefficients in the THz band are developed to facilitate the study of breast cancer THz
imaging [61]. Phantom properties are verified through THz-TDS. (ii) THz-TDS and TPI are
used for characterization of paraffin-embedded breast cancer tissue [62]. (iii) A pulsed THz
system is used to enact a quick and reasonable estimation of the breast cancer margin thick-
ness of embedded breast cancer tissue [63]. (iv) A similar work investigates TPI for the appli-
cation of surgical margin assessment of breast cancer in 3D, where the depth information is
retrieved using time-of-flight analysis [64]. (v) A linear sampling algorithm can be applied to
TPI data for identifying breast cancer tumor margins [65]. (vi) THz measurement of normal
and breast cancer tissue in the range of 0.1-4 THz is presented [66], showing the ability of
THz technology for characterization of cancerous and normal breast tissue. (vii) A clinical
study that fifty-one samples from patients in Cambridge and Guy's Hospital in London is
conducted [67], showing the ability of THz technology to classify tumor and normal breast
tissue with good accuracy.
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Figure 4. Whole brain images with (a—c) and without (d) tumors by visual, THz, and MR imaging. For THz images,
the size is 4 x 3 cm? and scanning resolution is 250 um. Reprinted with permission from Ref. [60].

4.3. Pharmaceutical applications

Pharmaceutical applications are one of the emerging opportunities offered by TPI and THz
pulsed spectroscopy [68]. Solid dosage forms are the pharmaceutical drug delivery systems
of choice for oral drug delivery [69]. These solid dosage forms are often coated to modify
the properties of the active pharmaceutical ingredients, in order to help release kinetics
[69, 70]. The critical coating attributes such as coating thickness, uniformity and density have
chief influence on the tablet performance; advanced quality control techniques are required.
TPI is an emerging nondestructive method to quantitatively characterize coating quality.
Compared with established imaging techniques, e.g., near-infrared and Raman spectros-
copy, TPI has the advantage to enable structural features of coated solid dosage forms at
depth by the ability of THz radiation to penetrate many pharmaceutical materials. A typical
THz time-domain waveform used for characterization of a single-layer coated tablet is illus-
trated in Figure 5 [69].
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Figure 5. Characterization of coating attributes of a tablet by a THz time-domain waveform. At a depth of 0 mm in the
THz waveform, the positive peak with a magnitude of A represents the difference in the refractive indices of the air and
the outer surface of the coating layer (Interface 1). At a depth of ~0.1 mm, the next positive peak with a magnitude of C is
caused by the boundary between the inner surface of the coating layer and the tablet core (Interface 2). One can retrieve
parameters from the THz waveform: (1) the changes of the refractive index due to Interface 1, and the signal scattering
can be obtained from the magnitude “A”; (2) the coating thickness can be calculated from the time delay, “B,” between
the reflection of Interface 1 and that of Interface 2; (3) the changes of the refractive index due to Interface 2 can obtained
from the magnitude “C.” Reprinted with permission from Ref. [69].

A number of studies have been done recently. (i) TPI is used for nondestructive evaluation
of film-coated tablets by deriving parameters such as film thickness, film surface reflectance
and interface density differences between the film layer and core tablets [71]. (ii) Spectral
domain optical coherence tomography (OCT) and TPI for quantifying film coating thick-
ness of tablets are studied [72]. The finding shows that OCT is suitable for characterizing
pharmaceutical dosage forms with thin film coatings, whereas TPI is suited for thick coat-
ings. (iii) To ensure robust measurements, the evaluation of film coating thickness using TPI
should take some factors into account, such as signal processing of the raw data and signal
distortions that can occur at tablet edges or areas with defects [73]. (iv) Enteric coatings in
tablets are widely used to reduce gastrointestinal side effects and to control the release prop-
erties of oral medications. TPI is used to identify structural defects within enteric coating
tablets with poor acid resistance [74]. (v) TPI is used for evaluation of the intra tablet and
inter tablet coating uniformity and identification of critical process parameters in a coating
process [75, 76]. (vi) TPI can also be used in evaluating the effect of coating equipment on
tablet film quality [77]. (vii) TPI is used to quantify the hardness and surface density dis-
tribution of tablets [78]. (viii) TPI is a feasible and rapid tool to characterize ribbon density
distributions [79], which are important parameters in dry granulation process in pharma-
ceutical industries. (ix) Tablet dissolution is crucial in medication and is strongly affected
by swelling and solvent penetration into its matrix. A reflection mode TPI is used to mea-
sure swelling and solvent ingress in pharmaceutical compacts [80]. (x) Layer separation is a
crucial defect in many bilayer tablets. TPI is used to provide a precise estimate of the layer
separation risk [81].
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4.4. Art and archeology

Examination of art and archeology is important for cultural heritage scientists to understand
artistic materials and to devise better conservation procedures [82]. THz presents a number of valu-
able features specifically for the investigation of art and archeology such as no radiation risk with
deep penetration (Figure 6), low power and noncontact mode. Recent progress shows that THz
technology for art investigation is an efficient, convenient and affordable approach. We introduce
several examples. (i) TPI is used to image apsidal wall painting in 3D to provide subsurface fea-
tures at depths up to 1 cm from the surface [83]. Characterization of subsurface features is useful in
conservation of art history as well as in building archeology. (ii) TP is used as a technique to image
obscured mural paintings [84]. Image processing can be used to solve the issue due to an uneven
surface, enabling the visualization of the obscured painting. (iii) THz reflective tomography is used
to identify the preset defects in a plaster [85]. (iv) A portable THz-TDS system is used to image
panel paintings from a lab and a museum, offering useful information on the internal structure
of the paintings and on their conditions [86]. (v) TPl is also used to image an oil canvas painting
by Pablo Picasso and the multilayer structure is clearly revealed [87]. (vi) An artwork attributed to
the Spanish artist Goya painted in 1771 is imaged and analyzed by THz time-domain system [88].
The study indicates that THz images present features that cannot be seen with optical inspection.

_‘1012 1013 1014 1015 1016

THz Ul_traviulet

+ paint

Figure 6. Paintings studied by THz radiation. For painting inspection, a panel painting can be penetrated deeper using
THz and X-ray radiography than using other traditional approaches such as infrared radiation. Although THz and
X-ray radiations can provide deep penetration into paintings, only THz promises safe and nonionizing 3D imaging of
paintings. Reprinted with permission from Ref. [82].
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4.5. Other applications

There are still a variety of TPI applications in the fields of architecture, chemistry, mate-
rial science, environmental protection and homeland security. (i) TPI and THz-TDS are
employed in characterization of construction and building materials [89]. Different types of
thermal building insulation materials are analyzed [90]. (ii) TPI and THz-TDS are used to
identify wheat grains at different stages of germination [91]. Specifically, the inner chemi-
cal structure during germination can be revealed from the THz spectra. (iii) TPI and THz-
TDS are also explored to identify features such as coating, pores and cracks in polymer
materials [92]. Another study employs TPI to study glass fiber-reinforced composite lami-
nates in polyetherimide resin [93]. (iv) Reflective pulsed THz tomography can be a tool to
monitor oil pollution. A cup of water covered by a layer of sesame oil with different densi-
ties is devised to simulate oil spills [94]. The results show that different densities can be
determined by THz images. (v) The spectral fingerprint of high explosive material is investi-
gated using THz-TDS [95]. Besides, the explosive material concealed in an opaque envelope
can be identified using TPL

5. Conclusions and future prospects

In summary, a number of detection techniques of THz pulse radiation and applications
based on TPI and THz-TDS are presented in this chapter. We first elaborate the significance
of THz pulses. Pulsed THz technologies bring about useful information from the interaction
between THz radiation and matters. The applications based on pulsed THz technologies in
part heavily rely on the technological advancement in THz pulse detection. We review the
recent rapid development of THz pulse detection techniques in various aspects such as using
novel materials, adopting innovative designs of detectors and even employing new detection
mechanisms. These will open up new fields of applications or carry out particular tasks that
cannot be attained previously. Of particular interest are the applications using TPI as well as
THz-TDS. Development and test of TPI systems have shown steady progress in recent years.
In addition, a wide range of TPI or THz-TDS applications including the fields of medical
imaging and diagnosis, pharmaceutics, art and archeology, material science, architecture and
so on has been intensively investigated by researchers and scientists. The exploration of THz
pulsed detection technology and imaging applications will eventually lead to commercial
products and systems for specific purposes, which is expected to have a profound impact on
our lives. The substantial improvements over the past few years lay foundation for extending
THz technology to new and potentially groundbreaking realms.
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Abstract

Recently, applications of THz spectroscopy for detecting explosive agents have attracted
much attention due to following reasons: many CBRNE agents have fingerprint-like
features in the THz wavelength range; the THz spectroscopy provides an ability for
remote and non-destructive identification of explosives; the THz radiation penetrates
through many covering dielectric materials including paper, leather, fabric and so on.
One of the most important components of THz spectroscopy setups is the source of THz
radiation, which has to be high-power, tunable, low-cost and to have compact sizes. In
this chapter, we are going to overview recent progress of wide variety of THz emitters
considered as candidates for that role. We will pay a special attention to recent trends
in engineering of spectral characteristics of THz quantum-cascade lasers and their
tunability. Also we will describe the advantages and difficulties that accompany a THz
spectroscopy of explosives.

Keywords: terahertz time-domain spectroscopy, quantum-cascade laser, photoconductive

antenna, CBRNE agents, gain spectrum

1. Introduction

The term CBRNE is an acronym for chemical, biological, radiological, nuclear, and explosive
agents that represent warfare hazards [1]. The terahertz spectroscopy in the range 0.1-10 THz
has become an important tool for studying the low frequency vibrational properties of mol-
ecules in the condensed phase. Many CBRNE agents exhibit characteristic spectral features in
the THz frequency range, mainly in 0.5-10 THz [2, 3]. Therefore, THz spectroscopy has shown
strong potential for security applications related to the detection of CBRNE materials [4, 5].

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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Additionally, in recent years, there has been significant progress in imaging of metallic objects
under dielectric covering materials by using the millimeter wave/lower THz frequency range
50 GHz - 1 THz [6]; many imaging techniques have already found their applications in
UK airports [7]. Both active and passive imaging modalities have been proposed; the former
involves the analysis of radiation directed at the target by an operator, while the latter relies
on naturally occurring ambient radiation emitted by, or reflected off, the target.

One of main advantages of THz spectroscopy and imaging is based on the fact that many
dielectric materials such as paper, leather and woven, cotton and synthetic fabric are transpar-
ent in THz frequency range. Differences in the electromagnetic properties of skin, explosives,
metal and so on can allow the detection of weapons or concealed packages. Another advan-
tage of the THz frequency radiation is that it has a relatively low photon energy and, thus, it
is nonionizing in comparison with X-rays that makes it potentially more suitable for human-
involved scanning and detections. Furthermore, the radiation power obtainable from typical
THz-TDS systems is rather small (less than 1 mW) and is not considered to pose a health risk
[8], although QCL pulse and CW sources, which can be characterized by the radiation power
greater than tens of milliwatts, may pose some risks for operators and personnels.

The most widely used THz-based technique for the spectroscopic identification of CBRNE
agents is based on the THz time domain spectroscopy (THz-TDS). One of the most important
components of THz spectroscopy setups is a source of radiation which has to be high-power,
tunable, and low-cost having compact sizes. In Section 2, we are going to review a recent prog-
ress of wide verity of semiconductor THz lasers considered as candidates for that role. We will
pay special attention on the recent trends in the tunability of THz quantum-cascade lasers. In
Section 3, we will describe a basic THz-TDS setup and its application in spectroscopy of CBRNE.

2. THz emitters

2.1. Variety of THz sources

According to Tonouchi’s review paper [9], THz sources can be classified into three categories:
THz sources based on the emission induced by an optical radiation, quantum-cascade lasers, and
sources based on solid-state electronic devices. The first category includes devices that involves
generating ultrafast photocurrents in a photoconductive antenna [10, 11] with the carrier acceler-
ation by the external electric-field, by the surface-depletion field, or by means of the photo-Dem-
ber effect in semiconductors [12]. This category also includes devices whose operation is based
on non-linear optical effects induced by an incident CW optical radiation (optical rectification,
difference-frequency generation, and optical parametric oscillations). The second category cov-
ers devices based on semiconductor quantum-cascade structures where THz radiation results
from the drift electrical current passing through a multi-layered electrically-biased semiconduc-
tor structure. The third category includes devices such as uni-travelling-carrier photodiodes and
Gunn diodes. In this chapter, we focus on the first two categories of devices which are the most
suitable for the THz time-domain spectroscopy. Also, we shrink variety of considered devices to
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those based on semiconductor materials only. For instance, we exclude from the overview pretty
efficient THz emitters based on an optically excited plasma in atmosphere [13] which allow to
provide remote spectroscopic measurements for distant objects. Moreover, we do not aim to
provide a comprehensive overview of all aspects of those THz generators but rather focus on the
properties related to applications in the THz spectroscopy and chemical sensing.

2.2. Photoconductive antennas

One of the most common ways to generate THz radiation exploits semiconductor photocon-
ductive antennas made of semiconductor materials and metallic stripes decomposed on its
surface. Exposed to light with the photon energy overcoming the band gap of the semicon-
ductor, the active region of the photoconductive antenna changes its electrical conductivity
due to optically generated electron-hole pairs under the surface (see Figure 1). The free charge
carriers are accelerated by the electrostatic field created by metallic stripes. The most com-
monly used materials for THz photoconductive antennas are radiation-damaged silicon-on-
sapphire and low-temperature grown GaAs. The materials are such that their carrier lifetimes
are in the subpicosecond range. The short lifetimes are determined by a high concentration
of defects, at which carriers are trapped and recombined. The defects are caused by O* ions
implanted in silicon by the ion bombardment [14]. The density of defects is controlled by
the intensity of and timing of the ion beam. The low-temperature grown gallium arsenide is
grown by molecular beam epitaxy at low substrate temperatures with followed rapid ther-
mal annealing. The material contains a high density (>1018 cm?®) of point defects such as As
antisites, As interstitials, and Ga-related vacancies [15]. The effective carrier mobilities of
radiation-damaged silicon-on-sapphire and low-temperature grown GaAs are reported as
10-100 cm?/V s [16] and 200-400 cm?/V s, respectively [17]. Since the mobility of holes in low-
temperature grown GaAs is lower by an order of magnitude than the mobility of electrons,
carrier transport in the THz frequency range is dominated by electrons.

PC Emitter

Figure 1. Generating THz radiation from the photoconductive antenna (adopted from [10]).
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The output power of a photoconductive emitter depends on the bias voltage and the optical
pump power. The amplitude of the radiation field increases with both parameters [11]. The
maximum radiation power, however, is limited by the breakdown voltage of its substrate
material. The breakdown field of the low-temperature grown GaAs is reported as ~300 kV/cm.
The THz output power saturates at high optical pump powers due to the screening of the bias
field by photocarriers. This saturation effect is more pronounced in dipole antennas compar-
ing to other types of antennas. This is caused by the small size of the gap between electrodes
in the dipole antennas. Nowadays, the output power of the commercial available photocon-
ductive emitters is limited by tens of microwatts in the pulse operating mode [18, 19].

The photoconductive antennas are broadband (with the bandwidth of several THz [20]) that
is beneficial for the THz time-domain spectroscopy.

The photoconductive emitters may exploit nonlinear optical effects as well. In this case, the
optical radiation interacts with the non-linear medium of a semiconductor material gen-
erating THz radiation. Several non-linear effects may be employed: the optical rectifica-
tion, which is a second-order non-linear processes [12], and photomixing (see Ref. [10] for
instance). Such methods of THz emission allow for the continuous-wave generation; how-
ever, the emission power of such type of emitters is not large enough for most of the spec-
troscopic applications.

In principle, even a pure surface of a bulk semiconductor material without metallic stripes
and applied external electrostatic fields can radiate terahertz radiation after being excited by
an ultra-fast optical pulse. In this case, photo-generated carriers are accelerated by means of
the surface depletion layer electric field or photo-Dember effect [21]. The photo-Dember effect
is related to spikes of a photocurrent that arises as a result of the difference between diffu-
sion velocities of electrons and holes. Because electrons respond to applied electric field with
a larger acceleration due to their higher mobility comparing to holes, electrons diffuse more
rapidly from the surface inside the semiconductor material. That creates an effective surge
current normal to the surface. Although the emission of THz radiation from pure semicon-
ductor surfaces represents an interest as a diagnostic tool for semiconductor surface physics,
it is not widely exploited in applications due to its extremely low output power.

2.3. Quantum-cascade lasers

The photoconductive antennas are pretty bulk devices containing the generator of ultra-shot
optical pulses as their integral part. Also, they are characterized by low converting efficiency.
A good candidate to overcome these problems is the quantum-cascade structure, a compact
electrically driven THz source operating in both pulse and cw mode. QCLs are unipolar
devices where a laser emission is achieved through a series of the intersubband transitions in
a repeated stack of semiconductor multiple quantum-well heterostructures. The idea of such
heterostructures was first proposed by Kazarinov and Suris in 1971 [22], and later implemented
for the mid-infrared radiation by Jerome Faist, Federico Capasso, Deborah Sivco, Carlo Sirtori,
Albert Hutchinson, and Alfred Cho at Bell Laboratories in 1994 [23].

Band diagrams, band structures, and joint density of states for both interband and intersub-
band quantum-well devices are schematically shown in Figure 2. In the interband structures,
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the optical radiation is a result of electron transitions from the conduction subband to the
valence subband. As a result, the minimal quantum of the energy is limited by the band gap
of the quantum-well material. Curvatures of the bands involved in the transition have very
different magnitudes and, what is more important, different senses of curvature. It results in
the joint density of states, which is step one in this case.

Optical transitions in the quantum-cascade heterostructures occur between subbands within
an allowed band (see Figure 2(b)). In contrast to the energy gap between two bands, the
subband structure is governed by the conduction band offset and width of the quantum-
well layer. Minimal transition energy is not limited by the fundamental band gap and can be
tailored by a material composition of the quantum well and the thickness of the quantum-
well layer. Since there is no a fundamental limit exposed on the energy gap between two
subbands, the intersubband transitions may be exploited to achieve lasing in THz range. The
curvature of dispersion curves characterized by the effective masses is usually almost the
same for all subbands. It results in the joint density of states being localized around a constant
transition energy E,, Figure 2(b). Such a joint density of states results in narrow-band optical
characteristics of QCLs which are farther shrunk due to the cavity effect.

A single cascade of QCL usually consists of two parts: the active region and the injector
(see Figure 3). The radiative intersubband transitions occur in the active region, while the
injector serves to extract electrons from the lowest subband in a cascade of QCL and to trans-
fer them to the upper subband in the next cascade providing thus the electron pumping on
the upper laser levels. Also, another role of the injector is to block leakage of electrons from
the upper subband to the next cascade.

There are generally two different approaches adopted for the injector of terahertz QCLs:
chirped superlattice [24] and resonant phonon depopulation [25]. The chirped superlattice
is based on fast intraminiband scattering that is engineered in a way to achieve a population
inversion between two minibands. This approach shows the lowest threshold current density.
The resonant-phonon design relies on fast resonant electron-phonon scatterings which serve
to provide an electron extraction from one cascade to another (see Figure 3). Because of the
relatively large phonon energy of 36 meV compared to the superlattice miniband width of

(a) (b)

Ek) E
E(k) E

/ T 1D0s

Figure 2. (a) Interband and (b) intersubband radiative transitions in semiconductor quantum-well structures.
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Figure 3. (a) Energy versus coordinate structure of the subband edges in the three-well QCL and (b) the energy diagram
of the three-well QCL reported in [31]: the layer thicknesses are of 43/89/24.6/81.5/41/160 angstroms starting from injector
barrier (the barriers are indicated in bold fonts). The electrical bias equal 12.2 kV/cm.

15 meV , the resonant-phonon design has less thermal backfilling, and an enhancement in
operating temperature has been demonstrated [25]. In the first resonant-phonon design, one
cascade of the structure consisted of four quantum wells: two wells to form the pair of lasing
states (active region) and two wells for the phonon depopulation and carrier injection (these
wells are often called the phonon and injector wells, respectively). That QCL was able to oper-
ate in both pulse regime [26] and cw mode [27]. It has been lately optimized to enhance the
maximum operating temperature from 137 to 164 K for the pulse mode and from 93 to 117 K
in cw mode [28].

In a simpler case, the phonon and the injector wells may be combined [29]. When the design
with a single quantum well per injector was first proposed [23], it has slightly less maximum
operating temperature of 142 K in pulse mode with the lasing frequency of 3.4 THz. However
lately [30], the three-well design has been optimized and it has been proven that this design
combines simplicity with a good performance (at the lasing frequency of 3.9 THz, 63 mW of
peak optical power was measured at 5 K, and approximately 5 mW could still be detected at
180 K). The most recent advances on the three-well design has been reported in Ref. [31] and
reviewed inRef. [32]. According to Ref. [31], the new temperature record for the three-well
QCL is 199.5 K with lasing frequency of 3.22 THz and detectable output power. The structure
may operate also at 8 K with the emission power of approximately 38 mW and a threshold
current density of 1 kA/cm?.

Below we describe the design of the three-well QCL showing a record operating tempera-
ture reported in [31]. Although terahertz QCLs based on InGaAs/InAlAs have been demon-
strated [33], the majority of THz QCLs reported are made from GaAs/AlGaAs system because
of its flexibility in barrier height that offers an additional degree of freedom for designing.
The design is based on the GaAs/Al ,.Ga,As material system. The laser structure was grown
by molecular beam epitaxy on a semi-insulating GaAs substrate with a 10 pm-thick active
region and a sheet electron density of 3 x 10" cm™ per period using a 3D Si-doping within
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the middle 5 nm of the injector well. The active region is placed between 100 nm bottom
n+ GaAs layer, doped with impurity concentration of 5 x 10'® cm™, and a top stack consisting
of 50 nm of 5 x 10" cm™ and 10 nm of low temperature-grown 5 x 10" cm™ n+ GaAs layers. The
wafers were first processed into THz QCL structures with Au double metal with wide top Ti/
Au metallization forming a Schottky contact, and 1 mm-long Fabry-Perot resonator. In this con-
figuration, the device was lasing with the maximal temperature of 180 K. Additional enhanc-
ing of the maximal operating temperature has been achieved by lowering the waveguide loss
and improving heat dissipation. That has been achieved by using Cu-Cu-based process with
lower waveguide loss and better heat dissipation. Also, the 100 nm thick top n+ contact layer
was removed that has further lowered the waveguide loss. The waveguide of the THz QCLs is
based on a Cu-Cu double metal geometry. It was fabricated by using Cu-Cu wafer bonding and
standard photolithography. Such a metal waveguide provides a large confinement factor close
to unity; however, it has relatively high losses caused by the free-carrier absorption. The con-
tacts are represented by bottom and top metal stacks: the first one is made of Ta/Cu (10/600 nm)
and the second one is made of Ta/Cu/Ti/Au (10/300/20/150 nm). Wet etching was performed
(H,PO,/H,0,/H,:3/1/25) to etch through the entire thickness of the 10 um-thick active region.
The ridge waveguide of fabricated THz QCLs is ~170 pm wide. The substrate of the samples
was thinned down to ~150 um [31] and then cleaved into laser bars with a 1.8 mm-long Fabry-
Perot resonator. The laser bars were then gold plated on the backside, indium soldered on a
copper package, and then mounted in a closed-cycle cryostat for measurements [31].

At the electrical bias of 12.2 kV/cm, each cascade of QCL has four subbands with follow-
ing energy gaps between their edges: E,,=11.5 meV, E ;= 14.2 meV, and E, = 34.6 meV (see
Figure 3(b) to understand subband numbering). The lasing occurs between subbands 2 and 3.
The injection of electrons on the upper subband is provided from the subband 1 by tunnel cou-
pling, while the extraction passes from the lower subband 3 to the subband 4. The transition
from the subband 4 to the subband 1’ in the injector involves the emission of LO phonons with
energy E . The design provides such combination of oscillator strengths (. for diagonal tran-
sition in the active region and rates of phonon-assisted scatterings in the injector that a large
inversion of populations between lasing states is maintained ensuring large emission power.

2.4. QCL as THz amplifiers

In Ref. [34], a new approach to the generation of high-power broadband THz pulses has been
proposed exploiting the effect of the material gain. According to this work, a semiconductor
quantum-cascade structure can be used to amplify THz pulses generated via conventional pho-
toconductive antennas. To provide sufficient amplification of THz-pulsed radiation, a quan-
tum-cascade structure should have a large gain coefficient, whose value is generally limited by
the gain clamping effect. To overcome this limitation, ultrafast switching of the material gain
has been used. The gain coefficient is increased for a short time interval while the input THz
pulse is propagating through a QCS. The modulation is implemented using an Auston switch.

In Ref. [35], by a series of numerical simulations based on the density matrix formalism,
authors have demonstrated that, instead of using the Auston switch, a large instant gain coef-
ficient can be achieved in QCLs by a direct exposition of the structure by ultra-short optical
pulses (see Figure 4(a)).
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The optical pulse is applied to the three-well QCL operating in the pre-threshold regime.
As illustrated in Figure 4(b), the design exploits the valance band to provide an interband
pumping of electrons into the conduction band. As a result the considered three-well GaAs/
AlGaAs QCL demonstrates THz gain increasing up to an order of magnitude under pump-
ing by 100 fs optical pulses with the intensity of 100 MW/cm?. The gain switching process is
characterized by 1 ps rise time and 8 ps recovery time.

The emission spectra from QCL are narrow-band. Therefore, in order to apply them in the
THz spectroscopy, one should either make the lasers frequency-tunable or extend their gain/
emission spectral band. In the first case, a wideband frequency tuning in QCL can be achieved
using a MEMS-based movable silicon plunger [36, 37]. A solution for the second case relies
on a multi-stack QCL [38]. The spectral gain of the multi-stack terahertz QCL, composed of
three active regions with emission frequencies centered at 2.3, 2.7, and 3.0 THz, is character-
ized by spectral gain full width at half-maximum of 1.1 THz. Bandwidth and spectral position
of the measured gain match with the broadband laser emission. As the laser action ceases
with increasing operating temperature, the gain at the dominant lasing frequency of 2.65 THz
degrades sharply.

(a) (b)

E
Epum p

U1

Figure 4. (a) Schematic diagram of the gain switching via ultrafast interband optical pumping and (b) energy versus
coordinate structure of the subband edges in the three-well QCL with interband optical pump for gain switching.

3. THz spectroscopy of CBRNE agents

3.1. THz-TDS setups

In Figure 5, we show a typical experimental THz-TDS setup with the GaAs photoconduc-
tive antenna operating as a THz emitter. The THz-TDS setup starts with a femtosecond laser
producing an optical-pulse train. Each pulse separates into two paths. One reaches the THz
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emitter where the optical pulses are transformed into ultrashort electromagnetic pulses. The
THz pulse then propagates in free space and is focused onto an ultrafast detector. The other
part of the pulse is also delivered onto the detector after passing through a time-delay stage.
The detector measures the electric-field amplitude of the electromagnetic waves. Although
the experimental details vary between different systems, in this example taken from Ref. [6],
the emitter contains two vacuum-evaporated NiCr/Au electrodes separated by a submilli-
meter-wide gap. The electrodes are placed on a doped 1 um-thick GaAs layer grown on an
undoped GaAs substrate. A bias voltage applied across the electrodes changes around +100
V, modulated at a few kilohertz. The pumping fs pulse generated by Ti:sapphire laser is typ-
ically of a few hundred milliwatts average power (~10-100 fs pulse width, 800 nm center
wavelength). In this arrangement, a bandwidth of THz pulses is extended up to 3 THz. In an
alternative arrangement, the THz radiation is collected “backwards” (in the direction of the
reflected pump laser beam). As a result, the absorption and dispersion of the THz pulses in
the substrate are minimized that enhances the bandwidth up to 20-25 THz [39]. The emit-
ted THz pulses are collimated and focused onto the sample by a pair of parabolic mirrors.
Samples can be scanned across the focus to build a two-dimensional image, each pixel con-
tains spectral information.

There are several ways to provide a coherent detection of the transmitted or reflected THz
radiation. Most common technique is based on the ultrafast Pockels effect, where the THz
radiation is collected by an electro-optical crystal, for example, ZnTe [40, 41]. The THz field
induces an instantaneous birefringence in the electro-optic medium, which is probed with a
second visible or near-IR laser beam. Such a beam is split from the pump source. The bire-
fringence modulates the ellipticity of the probe and is detected by a setup consisting of A/4
waveplate, a Wollaston prism, and two balanced photodiodes. Also, a lock-in technique
can be used to measure a signal from the photodiode using the modulated bias field of the

GaAs
photoconductive

beam antenna of-axis
J\ splitter parabolic
source of % mirrors

fs pulses q
ZnTe I sample
photo-  EQ crystal
detector

/ N\

Variable optical - N
delay I/me A4

< / %

N Y

Figure 5. Schematic of a THz-TDS setup.
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photoconductive emitter as a reference. In order to obtain the electric field in the time domain,
one measures the signal as a function of the time delay between the THz pulse and probe
pulses at the electro-optic crystal using a variable delay line. The frequency spectrum of the
THz radiation is then obtained by the Fourier transform.

To demonstrate significantly higher spectral resolution and ability to resolve closely spaced
lines, the sample may be placed in a parallel plate waveguide with a subwavelength gap
between the two plates [42]. Here, a polycrystalline film of a target analyte is formed on one
of the inner surfaces of the waveguide plate. The confinement of THz waves (A/6 for a typical
50 micron gap) together with a long interaction pathlength (~2-3 cm) allows the THz response
of the film to be measured in a sensitive manner over a broad bandwidth from 0.2 to 4 THz.
A key idea here is that using relatively simple film formation methods, it is possible to form
a highly crystalline quality thin film, which minimizes inhomogeneous line broadening that
plagues traditional THz sample preparation methods such as pellet formation. That leads to
the resolution of fingerprint lines in threat solids, which are not observed in the conventional
free space THz spectroscopy of corresponding pellet samples.

3.2. Explosive materials and their THz spectra

THz-TDS has been shown to be a particularly sensitive technique for studying the struc-
tural dynamics of crystal forms, providing additional information for sample analysis. This
spectroscopy technique can provide a spectral information being complementary to Raman
spectroscopy, owing to the different selection rules governing IR and Raman transitions.
Despite the relatively similar chemical structure, the THz frequency spectra are clearly dis-
tinct. THz-TDS dominates over other spectroscopic far-IR techniques, such as Fourier trans-
form infrared spectroscopy, since it is insensitive to the thermal background (and hence
benefits from a high signal-to-noise ratio). Also, THz-TDS does not require a cryogenically
cooled bolometer detector. Another benefit of THz-TDS follows from the fact that both the
absorption coefficient and refractive index can directly be extracted without requiring a
Kramers-Kronig analysis.

One of the most attractive features of THz spectroscopy is that the THz radiation can pene-
trate though many nonmetallic and nonpolar materials. This allows to provide spectral analy-
sis of materials concealed within dry packaging, such as paper, natural and synthetic fabrics,
plastics, that enables imaging of concealed metallic objects.

First systematic experimental data on THz spectra of a wide range of explosives have been
reported by in Ref. [43] and overviewed in Ref. [2]. Their spectra covered the frequency range
0.1-2.8 THz. Later in Ref. [3], the spectroscopic measurements have been extended up to 6
THz (see Figure 6). Although many explosives have distinct vibrational absorption features
at room temperature, these absorption features tend to be rather broad and overlapping with
Q factors (f/Af) is less than 10. The broad absorption features are caused by the homogeneous
and inhomogeneous line broadening. The resolution of the underlying THz resonances of an
explosives solid is a challenging problem and is necessary to achieve a full understanding of
the THz properties of molecules of explosives.
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Up to date, a wide range of explosive materials have been investigated by THz-TDS, includ-
ing both pure explosive compounds and plastic explosives, including explosive compounds
and mixtures combined with a variety of plasticizers, desensitizers, dyes, waterproof coat-
ings, and fabrics to aid storage and use. All these adulterants may potentially have their
own spectral signatures in the THz region, complicating or obscuring the analysis. The
pure explosive materials, whose THz spectra are well studied, include ammonium nitrate
2,4,6-trinitrotoluene (TNT) and its degradation product 2,4-dinitrotoluene, 1,3,5,7-tetra-
nitro-1,3,5,7-tetrazocane (HMX), 1,3,5-trinitroperhydro-1,3,5-triazine (RDX), and 1,3-dini-
trato-2,2-bis(nitratomethyl)propane (PETN). A comprehensive overview of the THz spectra
of a wide range of explosive materials can be found in Ref. [2]. Studies of the plastic explo-
sives Metabel (PETN-based), SX2 (RDX-based), C-4 (RDX-based), PBX (predominantly con-
taining HMX), and Semtex-H (containing both RDX and PETN) have also been reported
[44-46]. Most of these studies have focused on THz transmission spectroscopy, as this
allows extraction of the absorption coefficient and refractive index of the sample, and the
sample thickness/dilution can be optimized to maximize the measurement signal-to-noise
ratio. However, there is growing interest in developing THz reflection spectroscopy geom-
etries (both specular and diffuse), as this may be more natural arrangement for standoff
detection.

RDX possesses an unusual six-membered heterocyclic ring comprising three nitrogen and
three methylene groups, with a nitrite group attached to each of the nitrogen atoms in the
ring. This high nitrogen and oxygen content causes explosive properties of this material. A
typical THz-TDS spectrum of RDX is shown in Figure 6(b). RDX has a number of charac-
teristic absorption features. The sensing of RDX through covering materials such as plastic,
leather, and cotton has been investigated in Ref. [2]; the same has been done using a reflection
geometry [47]. In both cases, the spectral features of RDX (especially the absorption peak at
0.8 THz) can be identified. The HMX spectrum (see Figure 6(a)) exhibits spectral features
below 3 THz, which concur with previously published work and additionally shows six fea-
tures between 3 and 5 THz. The features between 3 and 5 THz are distinctly different from
those present in RDX, allowing improved spectral identification. The data for HMX samples
in the 5-6 THz range also have several spectral features; however, they are placed very close
to each other [3]. PETN is more sensitive to shock or friction than RDX (or TNT) and is also an
extremely powerful explosive. Its THz spectra has two broad bands between 1.5 and 2.5 THz
and between 2.5 and 3.5 THz [3]. The TNT spectrum (see Figure 6(b)) has a feature near 2 THz
as well as an increase in absorption with increasing frequency in the 0.5-3 THz range [3, 43].
Above 3 THz, there are also several significant features.

Most explosive materials are not used in their pure molecular crystalline form, but are mixed
with other agents to make plastic explosives such as SX2, Semtex, and Metabel. Metabel
shares three absorption features with PETN as well as contributions from each other com-
pound. Also, one observes a clear correspondence between the features of the SX2 spectra
and its constituent component RDX. Semtex consists of both RDX and PETN. Comparison of
the spectrum of Semtex with those of its components shows a correspondence in a number of
peaks): peaks in the Semtex spectrum are caused by a contribution from vibrational modes of
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Figure 6. THz absorption spectra of the explosives HMX, PETN, RDX and TNT (the results are adopted from [3]). The
chemical structures of the explosives are also shown.
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both RDX and PETN, as well as a number of other components. In general, the spectra of the
plastic explosives are dominated by the signatures arising from their constituent explosives.

4. Summary

In summary, THz radiation possesses a set of attractive unique features, such as absorption
with strongly non-uniform spectral characteristics in most of CBRNE agents, ability to penetrate
through many dielectric materials, and nonionizing effect on organic matter. All these features
have induced fast recent development of the hardware for THz spectroscopy, including both THz
sources and detectors. The photoconductive antennas are most promising sources for the THz
time domain spectroscopy. The THz quantum-cascade lasers and emitter based on photomixing
phenomena seem to be the best candidates for the coherent broadband continuous-wave tera-
hertz spectroscopy. The quantum-cascade lasers are more compact and produce higher power
(tens of miliwatt in low-temperature regime). However, the output power drops with increasing
of temperature. Recent developments in the field [31] evidence that the quantum cascade laser
can produce a detectable power of several miliwatt at the temperature of 199.5 K. Also, they
can be spectral-tunable using MEMS-based movable silicon plunger [36, 37]. The emitters based
on the photomixing phenomena do not have issues with operating temperature; however, their
output power is limited since their operation is based on high-order optical non-linear effects.

Most explosives have very non-uniform and non-monotonic spectral characteristics, which
may serve as fingerprint-like markers for their detection. The absorption spectra of a mixture
of explosives contain recognizable features of the constituents that allow for the detection of the
components of the mixture. Also, their spectroscopic features are not strongly affected by most
of the possible dielectric covering materials. Thus, CBRNE agents can be identified through
packaging.
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Abstract

In this chapter, we present a number of sensitive measurement modalities for the study
and analysis of human cancer-affected colon and gastric tissue using terahertz (THz)
spectroscopy. Considerable advancements have been reached in characterization of
bio-tissue with some accuracy, although too dawn, and still long and exhaustive work
have to be done towards well-established and reliable applications. The advent of the
THz-time-domain spectroscopy (THz-TDS) test modality at a sub-picosecond time reso-
lution has arguably fostered an intensive work in this field’s research line. The chapter
addresses some basic theoretical aspects of this measurement modality with the presen-
tation of general experimental laboratory setup diagrams for THz generation and detec-
tion, sample preparation aspects, samples optical parameters calculation procedures and
data analysis.

Keywords: spectroscopy, absorption, ATR mode, reflection and transmission,
carcinomas

1. Introduction

Terahertz (THz) (10™ Hz) frequency band is a small section of the electromagnetic spectrum
lying between the microwave and infrared (IR) regions sometimes referred to as THz gap or
T-rays. There is no standard definition for the THz band, but it has most often come to refer
to frequencies in the range of 0.1-10 THz [1-3]. The results of several studies [4-7] using tera-
hertz techniques started the breakneck race of even more studies towards biomedical applica-
tions of terahertz technology.
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1.1. Terahertz technology advantages

The energies of THz radiation are significantly lower such that at 1 THz, the energy is about
4.1 meV [8]; compared to X-rays (with photon energy typically in order of few keV [9], i.e., few
million times higher than that for THz photon energy), it is considered non-ionizing. In the
absorption processes where THz waves interact with biological media, the Gibbs free energy
conveyed in the THz photons beam is not sufficient to induce any chemical reactions [10];
therefore, any measurement technique operating at this frequency range and at reasonably
low power levels could be considered as non-invasive and offers higher contrast spectral fea-
tures; almost all dielectric materials are transparent to THz radiation; it gives an unambiguous
information concerning big molecules; it offers higher spatial resolution compared to infrared
one, therefore much better for imaging purposes; meanwhile, IR frequency band brings only
local information on molecules, gives only information on chemical binding between shortest
neighbours, and THz radiation brings global information on molecules, gives information on
the whole molecule and its specific rotation-vibrational modes [11]. So that the frequency band
could be of paramount importance for the study and characterization of biological media.

The vibrational spectral fingerprint of biomolecules lies in this frequency range [12, 13] (and
many materials of interest have unique spectral fingerprints in the terahertz range [14, 15]),
therefore, it can be used for theirs identification, making THz spectroscopy a promising sensing
tool for biomedical applications and disease diagnosis.

Due to space constraints, we avoided, in the present chapter, broad practical considerations
on methods, and by the nowadays, vast applications of THz spectroscopy. Being confident in
having counted with the contribution of leading experts in the field of THz technology, we
realize that the chapter will be concise and comprehensive. We aim at providing a representa-
tive overview of the current state of art of THz spectroscopy for cancer detection, as well as
for colon and stomach cancer particularly.

The development of ultrafast lasers and the discovery of the Auston switch in the 1970s [16]
led to a new generation of THz spectrometers in the early 1990s [17] that were able to gener-
ate and detect pulses of coherent terahertz radiation with unprecedented ease and sensitivity.
The generation and detection diagram are presented in Figure 1.

Figure 1. Diagram of THz generation and detection. The emitter is on the left; the receiver is on the right. The THz pulse
is recorded as a function of time delay and the obtained time-domain signal is Fourier-transformed numerically.
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2. Terahertz time-domain spectroscopy

Since 1990s, the research towards the application of THz spectroscopy to probe and charac-
terize various biomolecules has advanced considerably. The THz time-domain spectroscopy
(THz-TDS) is actually a spectroscopic technique in which the properties of a material are
investigated using THz short pulses. Their generation and detection scheme is sensitive to
the material's effect on both the amplitude and the phase. The technique can provide more
information than conventional Fourier-transform spectroscopy (FTS), which is only sensi-
tive to the amplitude. Therefore, it could be a useful analytical tool for materials study and
characterization.

An ultrashort optical pulse (normally femtosecond [fs] in duration) is used to pump (illumi-
nate) a photoconductive (PC) semiconductor creating pairs of photocarriers (electron-hole
pairs). The photocunductive (PC) material changes suddenly from being an insulator into
being a conductor. Then the conduction state leads to an abrupt electrical current across a
biased kind of dipole antenna stuck on a semiconductor substrate referred to as photoconduc-
tive antenna (PCA). This changing current emits short pulse (~2 picoseconds [ps]) [18] THz
electromagnetic field.

Typically, there are two electrodes stuck on a low temperature grown gallium arsenide
(LTG-GaAs), semi-insulating gallium arsenide (SIGaAs), indium phosphate (InP) substrate
or other semiconductor material. The electrodes are made in the form of a simple dipole
antenna with a gap (G) of a few microns (~5 pm) and have a bias voltage up to 40 V between
them (Figure 2).

Electrode

Figure 2. Diagram of a PCA for THz emission and detection.

And, the other one is the probe pulse, and goes through a translational stage to provide
a relative periodical time delay [19] (typically controlled by changing the relative path
between the pump and probe beams with a linear stage). Both the pump and probe pulses
are derived from the same optical beam and, therefore, have the same duration, which typi-
cal has a range between 10 and 150 fs. Usually, another PCA is used as detector, which,
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interacting with the probe, generates an electrical signal proportional to the amplitude of
the THz pulse for that particular time delay, that is, it samples the THz signal in the detector.
There are other methods besides that based on photoconductive antennas, such as based on
optical rectification, wherein, by passing high-intensity femtosecond laser pulses through
a transparent crystal such as zinc telluride (ZnTe), gallium phosphide (GaP), and gallium
selenide (GaSe), a terahertz short pulse is generated in this case biasing is not needed. The
process is nonlinear where anyone of above mentioned crystals is suddenly electrically
polarized at high laser intensities (amplified). The so changing electrical polarization emits
terahertz radiation.

The detection process is similar with that for generation (PC detection). To do that,
the bias electrical field across the detecting PCA is generated by the THz electric field
pulses this time. The THz electric field generates current across the receiving PCA
connections wires. A low-noise amplifier is used for the signal amplification. And,
finally, the amplified current is the measured parameter, which is proportional to the
THz field transient. A lock-in amplifier (LIA) is also used to demodulate the signal, and
this avoids 1/f (flicker) noise problems that are present in the detector-limited measure-
ment scheme.

The THz signal is directly measured as a function of time, and the frequency spectra of
both sample material signal and reference (without sample) one are obtained by a numeri-
cal Fourier transformation. Further calculations of the obtained spectra yield the spectro-
scopic information of the sample material under study. Since the measurements are made
on electric field instead of intensity, both amplitude and phase can be determined at once,
thus leading to the calculation of the sample’s frequency-dependent optical constants such
as absorption coefficient and the refractive index. This is an advantage compared to the
well-established Fourier transform spectroscopy (FTS), which is based on the intensity
detection with recourse to Kramers-Kronig [20] data treatment, with all the uncertainties
associated.

Terahertz spectroscopy for cancer detection is arguably among the most active research topics
within the research groups in the field of T-rays’ technology. The utmost importance of the
information obtained by THz spectroscopic technique has incentivized the researchers to keep
seeking for efficient source and sensitive detectors. As was stated previously, this chapter will
not provide a full review of the works performed in this field. It otherwise intends to show
(on the base of selected few previous works) the potential of this technique for gastrointestinal
(GI) cancer detection particularly.

A THz-TDS is a pump-probe-like technique [21] since the signal and reference are measured
by sampling using a delayed probe optical pulse, taking the form of a time trace with sub-
picosecond resolution. The signal-to-noise ratio (SNR) is much higher than that of Fourier
transform infrared spectroscopy (FTIR) [22]. The Coherent-gated detection gives a noise
equivalent power of ~10-16 W/VHz, which is six orders of magnitude better than the pyro-
detectors, normally used in Fourier transform spectrometers. A typical setup diagram for
THz-TDS measurements is shown in Figure 3.
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o
stage

Figure 3. Typical experimental setup for THz spectrometer using photoconductive antennas (PCAs) in the transceiver.

3. Time-domain terahertz spectroscopy in reflection geometry

In this modality, the measurements can be performed by reflection geometry (Figure 4) as well
as by attenuated total reflection (ATR) [23-25]; the use of an evanescent wave (i.e., a THz wave
illuminates the interface of two media, with different refractive indices n, and n,, at a certain
critical angle 6, and the wave is totally reflected at the interface). Then, part of the wave
enters and propagates through the studied medium at a short distance (known as evanescent
wave). This method is required in measurements involving strongly absorbing materials and
in transmission geometry involving no or slightly absorbing ones.

Sample

Figure 4. General experimental setup for THz-TDS in reflection geometry. The sample (colon or gastric tissue) is
sandwiched in between two high density polyethylene (HDPE) or other window material sheets, normally.
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As the THz signal is extremely weak in the order of >10 uW [26], an lock-in amplifier (LIA)
is used to extract the signal from the thermal background. Due to the coherent and gated
detection nature of the THz-TDS technique, the signals are almost unmasked by the ther-
mal background noise. A computer controls the delay line, reads the LIA values at each
position and records the THz pulse waveforms. The amplitude and phase information of
the THz field, as foretold, are accounted at once [27]. The THz properties of samples are
measured with the difference between the generated THz pulse, E_, and the transmitted
sample THz pulse, E : using Fast Fourier Transform, these signals provide complex-valued
optical properties such as refractive indices, absorption coefficients, dielectric constants and
conductivities.

The technique provides more information if compared with a conventional Fourier-
transform spectroscopy (FTS), which is only sensitive to the amplitude. THz radiation has
several distinct advantages over other forms of spectroscopy: Examples which have been
demonstrated include several different types of explosives [28], polymorphic forms of
many compounds used as active pharmaceutical ingredients (API) [29, 30] in commercial
medications as well as several illegal narcotic substances [31]. Since many materials are
transparent to THz radiation, these items of interest can be observed through visually
opaque intervening layers, such as packaging and clothing. Though not strictly a spec-
troscopic technique, the ultrashort width of the THz radiation pulses allows for measure-
ments (e.g., thickness, density, location of defects) on difficult to probe materials (e.g.,
foam) [32, 33].

3.1. Data analysis: reflection geometry

The optical parameters of a sample may be evaluated using reflection or transmission as men-
tioned above. For high THz absorption media, such as fresh biological tissues, there is a limit
of sample thickness for THz-TDS in transmission geometry. Over that limit, reflection geom-
etry must be used (Figure 3).

Once temporal measurements are made and profiles of the sample signal and reference one
are obtained, the optical parameters, such as refractive index and absorption coefficient, are
then calculated. They are extracted using the following expression [34, 35].

E(w) £ Tus LAnn, dv]

E_ (@) = P (a))exp[z c

S

(1)

Where E (w) is the measured electric field of the pulse reflected at the interface window-sample,
E, [(w)is the measured electric field of the pulse at the front surface (air-window) of the sample
holder, r, _is the complex reflection coefficient for the window-sample interface to be calcu-
lated and tow and t,.are, respectively, the known transmission coefficients for air-window and
window-air interfaces.

Since the absorptions of the air and window are negligible (normally), the above transmission
coefficients are assumed to be real; the n_ is the known refractive index of the medium used
as reference (window material) and d is the effective thickness of the window, which can be
calculated from
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q,
d = w55 (2)

where d_ is the thickness of the sample holder’s window and ¢ is the reflection angle on the
back side of the window (in contact with the sample). The known and measured quantities in
Eg. (2) allow the determination of r (w), which can be written in its complex form

rwrs(cu y=Ae" 3)

where A is the amplitude and ¢ is the phase. Considering the case of normal incidence, where
the reflection and transmission coefficients have simpler forms, the complex reflection coef-
ficient becomes

_n,- n(w)
T’W,S(a) ) - n, +n(w) (4)

where n(w)=n +ia(w)c/4nv, is the complex refractive index of the sample; n_1is the real part
of n (w), a (w) is the absorption coefficient; c is the speed of light in vacuum; and v, is the
frequency of THz radiation. Substituting Eq. (3) in Eq. (4), we obtain for the sample index of
refraction the following expression [36]:

o on(1-4Y) s
nw(w)_l+A2+2Acos¢ ()
And for absorption coefficient

_4dnnyv  -2Asing
(@)= T3 A7+ 24 cosg (©6)

S

In reflection geometry, the extraction of these frequency-dependent parameters is a bit more
complicated than in transmission one, as can be seen in the following section. Similarly, for
the transmission, both reference and sample signals are recorded. However, apart from a
temporal shift of the sample and the reference pulse due to the reference window material,
an additional spatial shift occurs due to refraction and the absorption data are contained
within the phase information of the measurement, which is sensitive to system artefacts.
Additionally, there is one more difficulty arising due to polarization change due to reflection
under a specific angle that causes the reference and sample pulses to be differently polarized.
This is relevant, since the sensitivity of the detector is polarization dependent.

4. Time-domain terahertz spectroscopy in transmission geometry

Measurement in transmission geometry (Figure 5), the laser beam is also split into a pump
and a probe beam and so on. The signal is first enhanced by a low-noise current amplifier and
then sent to the LIA, which sends reference frequency to the chopper.

A delay stage with dc-motor actuator, driven by a motion controller, moves a set of mirrors
either continuously or stepwise with adjustable waiting time between steps. The mechanical
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precision of the movement is typically about 0.1 um corresponding to time shift of about
0.66 fs. In THz-TD spectrometer, three parameters are of interest: the delay stage waiting-
time (¢ dclay); the LIA's time constant, the integration time (t,,); and the frequency of the
chopper (v, ). For a higher SNR and narrower amplifier bandwidth noise, longer ¢, is
needed [37].

DC Bias

Pumping
pulse

Beamn
splitter .
A ;
fe laser beam Dalay {
stage ; ......... - { [

Figure 5. General experimental setup for THz-TDS in transmission geometry. The sample (colon or gastric tissue) is
sandwiched in between two high density polyethylene (HDPE) or other window material sheets, normally.

4.1. Data analysis: transmission geometry

In THz-TDS measurements, the following assumptions are considered: (1) the sample under
measurement is a homogeneous dielectric slab with parallel and flat surfaces, where the scat-
tering of THz rays is negligible; (2) the incident angle of the THz beam is normal to the sample
surfaces; (3) the transverse dimension of the sample is larger than the incident beam waist,
so there is no diffraction; (4) the reference signal is measured under the same conditions as the
sample signal; (5) the resolution of the measuring instrument is sufficiently high so that the
quantization error is negligible, unless stated otherwise; (6) the measuring instruments are
well calibrated; and (7) there is no human error in the measurements.

Figure 6 shows a diagram of typical sample mounting in a container (sample cell) for in trans-
mission THz-TDS. The THz pulse propagates through a sandwich formed by two windows
and an inner space containing the sample.

The determination of frequency-dependent optical constants of a sample comprehends sev-
eral steps, as illustrated in Figure 7. Since the quantity provided by a THz-TDS measurement
is a time-domain signal, then a physical model is required to relate the measured signal to the
optical properties of the sample.
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Figure 6. Sample mounting for THz-TDS in transmission geometry.
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Figure 7. THz-TDS in transmission. Extraction of the real and imaginary refractive index, absorption coefficient of a
sample through a fast Fourier transformation.
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Normally, the waveforms of the THz pulses have very narrow time widths (~0.25 ps).
As already stated, two pulses are recorded in THz-TDS: one with an empty sample holder
and the other with the sample placed. The measured signal is proportional to the electric
field of the THz pulse. The pulse that propagates through the sample is called sample pulse,
E, and that propagating through the reference medium (with known dielectric constants) is

the reference pulse, E
ref

Knowing the time evolution of those pulses, it is possible to get the information about the
frequency-dependent dielectric constants (absorption coefficient (a ) and the refractive index
(n,) of the sample). It can be noticed that the THz signal propagates through both the refer-
ence medium and the sample, over a distance d (the thickness of the sample). Figure 7 pres-
ents a diagram representation of a THz-TDS in transmission geometry and data processing.

The Fresnel amplitude transmission coefficients through the interfaces, reference medium-
sample and sample-reference medium, are expressed, respectively, as

2
and 1, = g 7)

b= 2
Ms  M+n(w)
Where n (v)=n_-ik(w) is the complex refractive index of the sample. The real part of this expres-
sion denotes the refractive index of the sample and the imaginary one is related with the
absorption coefficient.

Taking the Fourier transform of E(t),

E()=x Je™ E(t)dt ®)

The Fourier transform of the THz signal transmitted through the sample can be written as
follow:

Es(a) )=Ej (@) tos P hs(a) ) ts,w 9)

Where E (w) is the THz electric field shining on the first interface window-sample, ¢ rep-
resents the transmission coefficient of that interface, . 18 the transmission coefficient of the
second interface sample window and Ph (w)=¢ " represents the phase factor, where ¢ = _
(w)d and k (w) are the wave vector of the sample pulse. The phase factor represents the phase
gained when the pulse propagates through the sample with thickness d.

The Fourier transform of the THz signal transmitted through the reference can be written as

,I'M
Eref(w ) = EO(w ) ¢ref(w ) = EO e (10)
Comparing with the equivalent expression for the sample signal in Eq. (9), we observe that the
transmission coefficients are absent since they are equal to unit. The ratio of the two signals,
E(w)and E_, gives the complex transmission of the sample, in some literatures, called trans-
fer function. For normal incidence, this function can be expressed as [34]
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E(w) 4n(w)
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The effect of multiple reflections in the interfaces, reference medium-sample and sample-
reference medium (i.e., Fabry-Pérot effect [38, 39]), may be accounted for, by incorporating
the factor FP(w) as follows [40],

Eg(w) 4n5(a))
TE @) T (n@)M)?

T(w) exp i % (w)-M)|FP(@) (12)

where

1
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exp(-2i nS(w )& )]

2L 13

n(w)+M
This effect could be, however, neglected in case the samples to be analysed are thick enough
so that the Fabry-Pérot echo is considerably retarded, therefore, easily discriminable from the
main signal. The aim is at find the absorption coefficient and the real refractive index of the
samples. As was stated before, the ratio between the sample and the reference signal may be
expressed as [41],

E(w) 4n(w) . wd ) md]

I @) - Al@)expliplw)=Groyay exp |7 (n(@) =M) =7 (14)

If in the experiments, THz transparent material be used as a reference medium then, M =# ,
where n_ represents the window’s refractive index. Then for the refractive index and absorp-
tion coefficient of the sample, the following expressions can be written [42, 43]

_ (@)

n(w)=-_—-+n, (15)
and
_ 2 4 ns(a) )
a(w)=75 In [714 @) )2] (16)
respectively.

In the process of extraction of the optical frequency-dependent parameters of materials,
the dynamic range (DR) of a THz-TDS [44] is also taken in account. Due to the typical
single-cycle regime of the THz pulse, the spectral amplitude is strong at low frequencies, and
normally, a characteristic gradual roll-off occurs at high frequencies until the detected THz
signal approaches the noise level at the experiment.

The DR of a THz-TDS setup is defined as the signal above the noise level of the spectrum. It is
determined by the Fourier transformation of the measured temporal waveform (i.e., the spec-
trum of the THz radiation extracted from its time waveform in the scanning period, 0— T) above
the noise level. The noise N includes the noise due to fluctuations in the THz field, N__(t)=R(t)
E_. (t), where T(t) is a dimensionless random ratio and N, is the background noise from the
detection of the THz. The background noise includes the optical probe-beam (OPB) shot noise
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in the detector, which is proportional to the recorded current and all noises in the detector
gathered together, such as Johnson noise, amplification noise, thermal noise, the zero-THz-field
photocurrent, etc.

Analytically, the DR can be expressed by the expression [45].

K(w)
ot (K)2 Tot 1

2n\S) "2n D?

DR(w )= (17)

where k(w)=E(w)/A,, with A representing the maximum amplitude of the THz field in
time-domain is a factor dependent upon the actual waveform, 6t is the temporal intervals
at which the temporal waveform of the THz pulse is sampled, s = 1/, is the temporal
measurement signal-to-noise ratio (SNR), T is the sampling range, D = A/S, where A rep-
resents the maximum amplitude of the THz field in time-domain, is the temporal dynamic
range, and

K = A*1\{£|E(t)|2dt (18)

Actually, the DR limits the maximum magnitude of the absorption coefficient that could be
observed along the higher frequencies. The effect of the DR may wrongly be perceived as an
absorption peak in samples whose absorption rises with the rise of the frequencies, since the
rise and the beginning of the rolling-off resemble a signal peak.

Thus, the maximum absorption coefficient, which can be measured reliably, corresponds to
the situation where the sample signal is attenuated to a level approaching the noise level,
that is, the maximum of absorption coefficient data reliable can be obtained only in the range
within the DR of the experiment [44]:

o

dn(w) ) (19)
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Values of a larger than a_
measured.

. could cause the detector saturation and therefore cannot be

a

5. Terahertz spectroscopy of colonic and gastric carcinoma

The intestine is part of the digestive system—a tube that begins at mouth, forms stomach,
small intestine, the large bowel (colon and rectum) and ends with the anus. The colon and
rectum are located in this gastrointestinal tract (GIT) [46] system [47]. It is made up of two
main parts, the colon and the rectum, which are the lower part of the digestive tract measur-
ing about 80-100 cm and 12-15 cm, respectively [48]. The colon absorbs large amount of water
and salts from broken down food and the rectum stores the waste material until it is removed
from our body through the anus.
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Colon and rectum cancers are cancers starting in the colon and rectum, respectively. Since
they have many features in common, they are very often called with a unique name of
colorectal cancer. The colon and the rectum cancers develop slowly along several years.
Before cancer development, a growth of tissue or benign tumour normally starts as a
non-cancerous polyp (non-cancerous tumour) on the inner colon or rectum epithelium.
With time, it becomes an adenomatous polyps or adenomas that are polyps potentially
transiting into cancer stage.

The colon and rectum tracts are sections of the large intestine, a tube-like structure char-
acterized by a wall consisting of layers such as mucosa (the inner lining layer), muscularis
mucosa (a thin muscle layer outer limit of the mucosa), submucosa (the fibrous tissue
beneath the muscularis), muscularis propria (a thick muscular layer) and subserosa and
serosa (the outmost layer of connective tissue covering most of the colon but not the rec-
tum) (Figure 8).

Figure 8. A section of colorectal layered wall [49].

Colon and gastric cancers are among the most commonly diagnosed cancers and death cause
worldwide [50]. Early diagnosis is of utmost importance for in-time treatment. THz-TDS
has demonstrated the capability to distinguish between normal and cancerous tissue as was
stated and well referenced previously in this chapter. Presently, several THz-TDS systems
are commercially available [51]; some of them being directly derived from laboratory set-
ups, while others are compact and integrate with more sophisticated man-machine interfaces.
There are, however, still many challenging issues to overcome, such as better understanding
of THz wave—biological tissue interaction, which could enable the development of reliably
and powerful THz diagnostic systems even for early cancer diagnosis.
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6. Conclusions

Owing to the fact that THz waves have very low photon energy, that is, energy levels of few
milli-electronvolt, which is well below the ionization energies of atoms and molecules [52],
they do not pose any ionization hazard for biological tissues. The characteristic energies of
biological media, because of molecular motions, such as rotational and vibrational ones, lie in
the THz frequency band, allowing THz waves to directly detect their spectral signatures. Due
to that, there is a worldwide interest in the exploitation of this frequency band and related
techniques (spectroscopy and imaging) for biomedical application in the last two decades with
much more terahertz spectra being reported in spectroscopic studies of cancer, particularly.

Water is essential in biological systems [53], and it plays a key role as the solvent in molecular
reactions. It shows characteristic absorption features mainly the infrared (IR) and THz bands,
due to which its resonance is related to symmetric stretch, bending, libration and rotation,
which are modified by hydrogen bonding in the liquid state. THz waves are very sensitive to
water content and strongly attenuated by water in which biological molecules reside [54-57].
The presence of cancer often causes increased blood supply to affected tissues and a local
increase in tissue water content may be observed [58-60]: this fact acts as a natural contrast
mechanism for terahertz spectroscopy of cancer. Furthermore, the structural changes that
occur in affected tissues have also been shown to contribute to terahertz spectroscopy contrast.

The THz techniques as THz-TDS, providing broadband information on biological tissue and
which make possible the discrimination of tissue regions with different optical character-
istics (e.g., neoplastic and non-neoplastic tissue) over working THz frequency range, are
thus expected to bring a more comprehensive screening and diagnosis of human disease,
particularly in the case of cancer.

The THz transmission spectroscopy has previously been used to obtain the THz optical
characteristics of skin tissue [61-63]. THz-pulsed spectroscopy has also been used to suc-
cessfully characterize DNA and proteins [64, 65], allowing intermolecular interactions to
be probed. The THz-TDS combined with THz imaging could be used for macroscopic visu-
alization of tumour margins in fresh tissues according to first published results on cancer
tissue imaging using THz-pulsed radiation [66], and later confirmed by studies on various
cancer types and organs [67].

This chapter presents some arguments that indicate that THz-TDS has the potential [68, 69]
to be a superior complement to the techniques for cancer screening in use nowadays. In the
work of several groups with freshly excised tissues, the differences on the refractive indices
and absorption coefficients in dysplastic tissues have been mainly attributed to the pres-
ence of a higher water content. However, other possible factors have been pointed out by
authors of numerous studies [70-72]. Additional studies are needed towards the determi-
nation of all of the contrast-contributing factors other than water towards an efficient, reli-
able and functional THz techniques and methods. Some cancer contrast factors are already
known such as (1) the increase in the vasculature due to the release of growth factors that
also lead to rapid cell division and higher cell densities; (2) the conditions within the tumour
microenvironment that differ considerably from those of normal tissue, for instance, low
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oxygen levels (hypoxia). Angiogenesis is one of the main responses of the tumour to over-
come the hypoxia; (3) the rapid and uncontrolled cell division that leads to an increased cell
density and/or to the presence of certain proteins; and (4) tryptophan degradation in women
with breast cancer [73], and it shows a resonance absorption peak at 1.435 THz [74], and other
amino acids play a crucial role in the proliferation of tumour cells and their influence in the
contrast is still in evaluation. There is a dependence of the tumour development upon the
nutrients received through the blood. Tumour cells, like all other cells, need amino acids for
their proliferation. The majority of the tumour cells have the capability to gather amino acids
more than normal cells can [75].

In THz-TDS, the dysplastic tissue normally shows higher refractive indices and absorption
coefficients that distinguish them from the normal ones. This fact could reinforce the feasibility
of THz-TDS technique for gastrointestinal cancer detection. Furthermore, the works in this
area demonstrate that the higher percentage of water in cancerous tissues is not the only
factor contributing to the contrast of the observed through refractive indices and absorption
coefficients spectra [76].
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Abstract

Transparent conductors are essential for optoelectronic components operating in the far-
infrared or terahertz (THz) frequency range. Indium tin oxide (ITO), extensively used in
the visible, is semi-transparent in the far-infrared frequency range. Other types of bulk
transparent conducting oxides (TCOs), such as aluminum-doped zinc oxide (AZO) and
aluminum and ytterbium-doped zinc oxide (AYZO), have not yet been explored for THz
applications. Recently, biomimic nanomaterials have been shown to exhibit exotic optical
properties, e.g., broadband, omnidirectional antireflective properties. Indeed, nanostruc-
tured ITO was found to exhibit the above desirable characteristics. In this chapter, we
describe the fabrication and characterization of several TCOs, including ITO nanomateri-
als and several types of bulk TCO thin films, e.g., AZO and AYZO. Performance of THz
phase shifters with ITO nanomaterials as transparent electrodes and liquid crystals for
functionalities is presented.

Keywords: terahertz, spectroscopy, transparent conducting oxides, indium tin oxide,
nanostructures, nanorods, nanowhiskers, liquid crystals, far-infrared, millimeter wave,
sub-millimeter wave, phase shifter, optoelectonics, ITO, AZO, AYZO

1. Introduction

Materials that exhibit good electrical conductivity and high optical transmittance are impor-
tant in many applications. An interesting group of materials with these properties is known as
transparent conducting oxides (TCOs) [1]. Among the TCOs, indium tin oxide (ITO) is one of
the most frequently investigated. It is widely used as transparent electrodes in optoelectronic
devices such as solar cells [2, 3]. Zinc oxide (ZnO), a well-known TCO, is a semiconductor with

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN
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wide band gap of about 3.3 eV at room temperature. Even after careful deposition procedure,
the intrinsically doped ZnO films are still not well suited for applications because of their
relatively high resistivity of about 102-107 Q) cm and their instability at high temperature.
Therefore, the extrinsic doping is necessary for lowering the resistivity. Zinc oxide films can
be doped with metal ions such as aluminum (Al), chromium (Cr), gallium (Ga), and indium
(In). Among these dopants, Al is relatively cheap, abundant and nontoxic. Thus, Al-doped
ZnO (AZO,) films are considered as low-cost substitutes for ITO films as transparent conduct-
ing films. AZO film has transparency higher than 80% and resistivity lower than 7 x 10™* Q
cm and is comparable with the ITO film. Further, AZO films show high stability in hydrogen
plasma during the fabrication process of amorphous silicon solar cells. In order to solve the
degradation problem of AZO thin films, Al and ytterbium-doped ZnO (AYZO) is developed.

In view of emerging applications of terahertz (THz) technology, it is interesting to compare
the THz performance of these TCO films and explore their potential use in THz optoelectronic
devices. In the terahertz (THz) or far-infrared (FIR) frequency range, however, ITO exhibits
high reflectance and strong absorption [2]. Recently, ITO nanocolumns have attracted a lot
of attentions, because of its excellent optoelectronic and antireflection characteristics in the
visible and near-infrared range [2, 3]. The successful development of ITO nanostructures as
functional transparent electrodes relies on the clear understanding of their optical and electri-
cal properties, which are linked to the structural properties. Unfortunately, previous studies
mainly focused on preparation techniques and optical properties [4], except for our studies
on mid- and far-infrared studies of the electrical characteristics of ITO thin films [5]. It was
confirmed that this material is a good dichroic mirror for the FIR.

On the other hand, nanostructures of TCOs have attracted much attention. Recently, our
group has confirmed that ITO nanomaterials, e.g., nanocolumn, nanorods, nanowires, and
nanowhiskers (NWhs), exhibit superhydrophilicity as well as omnidirectional, broadband
antireflective (AR) characteristics in the near-infrared and visible frequency range [6, 7]. These
novel nanostructured TCOs have been employed successfully in devices such as light-emitting
diodes (LEDs) and solar cells [8, 9]. Further, we showed that ITO NWhs are good conductors
and highly transparent in the THz frequency range. The dielectric and conductive properties
of these nanomaterials were investigated using THz time-domain spectroscopy (THz-TDS),
which has been widely used to study the characteristics of novel materials, including metal
thin films [10], nanostructure of ZnO [11] and CdSe quantum dots of various sizes [12].

In this chapter, we survey the frequency-dependent complex refractive indices and conduc-
tivities of several TCOs for their potential applications in the THz devices. TCOs studied
include ITO nanomaterials, ITO sputtering films, AZO, and AYZO thin films. Besides, we will
describe THz phase shifters employing ITO nanomaterials as transparent electrodes.

2. Preparation and characteristics of the transparent conducting oxides

2.1. ITO nanomaterials

Indium tin-oxide (ITO) nanorods and nanowhiskers were deposited on the high resistivity sili-
con substrate (499 um) using glancing-angle electron-beam evaporation, and the nanostructures
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were deposited on the microgrooved surface. The double-side-polished silicon substrate was
attached to a holder, which was tilted at a deposition angle of 70° with respect to the incident
vapor flux. There were seven holders which circle around the center of the chamber at a speed of
10 rpm during the deposition. The target source contained 5 wt % SnO, and 95 wt % In,O,. The
chamber was first pumped down to a residue pressure of about 107 torr. Nitrogen gas is then
injected at a flow rate at 1 sccm. This results in an oxygen-deficient atmosphere in the growth
chamber. The working condition of the growth chamber was ~10™* torr and 260°C. The tilted top
view and cross-sectional scanning electron microscopy (SEM) images of the ITO nanorods are
given in Figure 1) and those of nanowhiskers are given in Figure 2.

2.2, ITO sputtering thin films

Indium tin-oxide (ITO) thin films were grown on the high-resistivity silicon substrate at
a temperature of 250°C using DC reactive magnetron sputtering. The target source com-
posed of 5 wt.% SnO, and 95 wt.% In,O,. The magnetron operated at a power setting of
about 300 W. While the film was being grown, argon and oxygen gas at flow rates of 20
and 0.4 sccm were injected such that the total pressure in the chamber was ~6 mtorr. All the

Figure 1. Tilted top view and cross-sectional scanning electron micrographs of ITO nanorods grown on silicon wafer
with different lengths (a and b) 621.1 nm and (c and d) 991.6 nm. The scalar bars are 200 nm in length. Adapted from
Ref. [13].
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Figure 2. Tilted top view and cross-sectional scanning electron micrographs of ITO nanowhiskers grown on silicon
wafer with different lengths (a and b) 802.6 nm and (c and d) 1169.5 nm. The scalar bars are 200 nm in length. Adapted
from Ref. [13].

ITO thin films we studied were as-grown, not subject to further annealing. The thin films
we studied were 333, 345, 615, and 1062 nm in thickness, as measured by an n&k Analyzer,
model 1280.

2.3. AZO and AYZO thin films

All the AZO and AYZO films were deposited on undoped Si substrates by using the RF sput-
tering system. During the AZO process, the AZO target was composed of 98 wt.% ZnO and 2
wt.% Al The chamber pressure and RF plasma power were controlled at 3 mtorr and 0.8 W/
cm?, respectively. The argon (Ar) fluence was fixed at 30 sccm during deposition. The AYZO
target, on the other hand, was composed of 98 wt.% ZnO, 1 wt.% Al, and 1 wt.% Yb. The
chamber pressure and magnetron plasma power were controlled at 3 mtorr and 0.896 W/cm?,
respectively. The chamber pressure and magnetron plasma power were set at 3 mtorr and
0.231 W/cm?, respectively. The Ar and oxygen fluences were fixed at 12 and 1 sccm, respec-
tively, during deposition process.
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3. Experimental and analytical methods

3.1. Broadband THz time-domain spectroscopy (THz-TDS)

We employed several THz-TDS systems, including transmission and reflection types, among
which the broadband system is shown in Figure 3 as an example. In this system, we employed
a commercial femtosecond Ti: sapphire laser system (Spectra Physics, Spitfire) as the light
source, which provides 50 fs pulse duration at 815 nm central wavelength and 1.6 m] pulse
energy at 1 kHz. In the experimental setup, the incident beam is divided into the pump beam
and probe beam by the beam splitter. Then, the collimated fundamental wave of the pump
beam is focused on the focal point by the convex lens (with a focal length of f=15 cm), and
the intensity must be high enough to produce the plasma in the air. On the other hand, we use
the 100-pum-thick f-barium-borate (BBO) crystal, which is cut so as to achieve type-I phase-
matching for second-harmonic generation (SHG) of the 815 nm fundamental light, and the
fundamental and second harmonic wave will form the asymmetric laser field. In other words,
it means that electron is ionized by the fundamental and second-harmonic wave in the focal
point. The ionized electrons in the plasma region are accelerated by the asymmetric laser
field, which induces the electron oscillation. Subsequently, the THz wave is generated by the
oscillation electron. The emitted THz radiation is collimated by an off-axis parabolic mirror
with an effective focal length of f=50.8 mm and then focused with a second one (also with f
=100.16 mm) onto the sample.The pump laser beam transmitted through the plasma region
is blocked by the silicon wafer which has high transmissivity in the THz frequency region,
while strongly absorbing the pump laser photons. Another pair of off-axis parabolic mirrors
with the same focal length as that of the previous pair focus the THz signal into the detector.
The resulting THz field was measured using an electro-optic sampling technique employing
a 0.3-mm-thick GaP<110> crystal. The pellicle beam splitter which is transparent in THz fre-
quency and the reflection is 40% in the 800 nm. In order to increase the signal-to-noise ratio
(SNR), the chopper and lock-in amplifier are used. The frequency of chopper is about 500 Hz
which is the most stable condition in our system. The translation stage scans the THz wave
with 5 pm and total of 1024 steps. An antenna-based THz-TDS, as described in our previous
works [2, 14, 15], was also employed. The spectroscopic characteristics of both systems are
illustrated in Figure 2. Clearly, the two systems would allow us to study material properties
in the band of 0.15-9.00 THz.

3.2. Extraction of optical parameters by THz-TDS

We extract the optical parameters of different kinds of materials by analyzing the THz wave-
form obtained from the THz-TDS. In this section, the method of extracting the frequency-
dependent complex refractive index will be introduced. The process is achieved through the
Fresnel equations and the multireflection approximation while numerical calculation is also
applied.

The thin sample is grown on its substrate and its thickness is usually several micrometers or
even several hundred nanometers. The time delays for thin samples whose thicknesses are of
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Figure 3. (a) Experimental setup of THz-TDS based on laser-induced gas plasma. (b) Typical performance of the THz-
TDS systems based on laser-induced gaseous plasma (blue solid line) and PC antenna (red dash line) is shown. Adapted
from Ref. [13].

the order of nanometers are smaller than 1 ps. Therefore, we are not able to distinguish the
multireflected signal from the main signal. Figure 4 shows that the main peak includes all
multireflected signals which come from the thin sample layer and the second signal is caused
by the reflection of the relatively thick substrate. In cases like this, we have to take multiple
reflections into account in our analysis [5].

Schematic diagrams of electromagnetic model are shown in Figure 5. E;(w) is the incident THz
field, and E:e/(a)) is the field which has passed through the substrate only. E;,_(w) is the field

film
which has transmitted through the thin film sample including thin film layer and substrate
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Figure 4. Transmitted THz waveform of 273 nm ITO thin film which is grown on fused silica substrate. The reflection
signal appears behind the main signal for about 12 ps. The thickness of the substrate is 941 pm.
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Figure 5. Schematic diagrams of electromagnetic model for reference and thin sample, respectively.

while the effect of multireflection is not considered here. n* = 1, n; = n,+ix,, and n; are the
refractive indices of air, thin film, and substrate, respectively. D is the thickness of the sub-
strate and d is the sample layer. ¢, is the speed of light.

In our experimental setup, the THz pulse normally incidents the sample. Therefore, the
well-known Fresnel equations of reflectance coefficient and transmittance coefficient can be
expressed as the following equations:

2n;
by = v M
] i j
11’.' - l’ll.*
Ty = wren (2)

From Eq. (1) and (2), E; (@) can be determined as the following equation.
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With the thin film layer, multireflection effect must be considered. The field which has passed

through the thin film layer and is going to pass substrate layer can be noted as E; | (). The
field E;‘ample(a)) therefore has the relationship with E, (w) expressed as
nywD
ﬁlm(w) samp]e(w) t 31 e (4)
’5 1,0d 15n wd
sample(w) = E (0)) tlZ 23 12723 721 23 ot E (Cl)) tlZ 23 t e
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Here g is the number of multiple reflections. Assuming the number of multiple reflections is
infinite (g - o), the field E__ (w) can be simplified as

sample

£ eRe
@) = Exw)—222"_ ©6)

i~
er 7‘23) e

sample

From Egs. (3), (4), and (6), the theoretical complex transmittance can be determined.

(- )ad
E: (a)) tot.e" ¢

film 12 723
w) = = )
theo( E* (w) ( 2 w)
nf( t, 1-7, e e
Here t , t, t,, t,, 1,, and r,, are the Fresnel transmission and reflection coefficients which

come from the Fresnel equations and are shown below.

2n: 2n; 2n: n,—n; n;-n'
t o=t = et = ey, = and 7, = o (8)
12 ny+n;’ 23 ny+n,’ "13 ny+ny 23 ny+ny’ 21 ny+n;

From the above-mentioned formulas, the theoretical complex transmittance can be deter-
mined. This model is utilized for extractions of complex refractive index for thin film grown
on thick substrate.

In order to avoid the effect of difference of substrate thickness D between reference and sam-
ple, we have to modify the equations we use in the theoretical model. The concept of thickness
correction is described in Figure 6. By modifying Eqs. (4) and (6), the transmitted field of the
sample E;,_(w) (Eq. 9) can be derived when thickness correction is taken into account. While
the transmitted field of reference E;f(a)) is the same, we can conclude the theoretical complex
transmittance T (w) (Eq. (10) by combining Eq. (3) and Eq. (9).

theo

o
t, e« niwAd+n:w(D-Ad)
12 23 31 e e bt

(@) = Ej()———Fze" ¢ )]

1-r, 1€ =

ﬁlm
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theo(w) EZ/(‘U) - ( D «) . {5l (10)
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Figure 6. Schematic diagram of thickness correction.

We obtain the experimental data from THz time-domain spectroscopy. The experimental
complex transmittance Te"xp(w) can be therefore derived.

) Ein(@)
T = @

(11)

Here the complex fields E;, (w) and E:e;(“)) are obtained from experimental data which are
the results of transmitted THz pulse for sample and reference respectively. By comparing
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the complex transmittance of theoretical and experimental results, the unknown frequency-
dependent complex refractive index n; of the thin film can be extracted. First of all, the error
function between the theoretical and experimental complex transmittance is defined as Eq.
(12). Because of the unknown refractive index n,, the transmittance is dependent both on
frequency and n,.

Error(@, 1) = | Ti,(@,15) = Ty (@, )| (12)

exp

Find Minimum = [Error(a), nz)] (13)

With the help of mathematical program, we may make the theoretical transmittance match
the experimental transmittance to a minimum difference value by finding a suitable complex
refractive index n,. The index n, = n,+ix, therefore can be extracted.

3.3. Terahertz conductivity

For a nonmagnetic medium, the frequency-dependent dielectric constant is the square of the
complex refractive index. In the following equations, ¢"is the complex dielectric constant with
real and imaginary parts, i.e., e, n and €, K are the real and imaginary parts of the refractive
index, respectively, all functions of frequency.

[e0]
Il

e+ie, = (n+ix)? (14)

e =n*-x*, e = 2nk (15)
From the relationship mentioned above, the real and imaginary parts of dielectric constant are
derived. Furthermore, the dielectric constant is related to the optical conductivity which will
be fully described by the following paragraph.

Secondly, with several approximations, the Maxwell’s equation can be modified into the form
related to conductivity. We assume that the flowing current density has the form of ] - o
(Ohm_)s law) wgere o*is com_Elex conductivity. Also, the harmonic assumption for electric
field E(w,t) = E e”™, where E, is the amplitude and @ and t represent fre_c,luency agld time
is applied. And the relation between displacement field and electric field D = ¢ ¢_E is also

used. N 5
V xH = ]+aD J-iwe,e E
. * _)
=—iw 50[% - if)eo] E (16)
. =4
=—iwe, e'E

£ = e tik (17)
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Here ¢, =8.854 x 107"* (F/m) is the free-space permittivity. ¢* is complex conductivity, and &*
and ¢_ are the complex dielectric function and the dielectric constant, respectively. From Eq.
(17), the complex conductivity can be derived:

o' (w) = (oy + i(ii) = iwey (e, €% (18)
By substituting Eqs. (14) and (15) into Eq. (18), the complex conductivity’s real and imaginary

parts can be determined:

0, = WEE, = 2NKw €, (19)
0, = weye —€) = wee, —n?+x?) (20)

The nanostructured ITO was considered as a composite material of ITO and air. The effective
medium approximation (EMA) [16, 17] was assumed to be valid. We write the equivalent
dielectric function of the nanostructured material of interest as

g;;quivalem = fx 8;1 + (1 _f) x 8; (21)

In Eq. (21), ¢, and ¢, are the dielectric constants of materials such as ITO and air, respectively,
whereas f is the filling factor, i.e., the volume fraction of the nanomaterial in the composite.
Similarly, the real (¢, ) and imaginary (¢, ) parts of the dielectric constants of pure nanostruc-
tured material can be written as

e ) @)

e, =[2-n: K]/f (23)

Finally, the real (o) and imaginary (o) parts of the complex conductivities of pure ITO nano-

i

structures can be expressed in terms of the filling factors as

0, =we,- (2n1<)/f (24)

o, = a)eo[em—[nz—KZ—(l —f)]/f] (25)

Consequently, the complex conductivity can be acquired by THz-TDS and the analysis is just
based on the most fundamental Fresnel equations and Maxwell’s equation without any other
complicated model.
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3.4. Non-Drude behavior in terahertz conductivity

The Drude model was often used to analyze conductive properties of metals and bulk semi-
conductors. In the model, the conductivity is given by 0'(w) = & w?7 /(1 ~iw7) [18]. In this
expression, T and w, are scattering times of carriers in the material and plasma frequency,
respectively. According to the model, the real part of conductivity, Re{o}, reaches its highest
value when 7 =0. This is the so-called DC conductivity. At higher frequencies, Re{c} decreases
because of the 1/ dependence. On the other hand, the value of Im{c} is always positive. Its
maximum occurs when the frequency is in the vicinity of the inverse of the scattering rate [18].
The THz conductivities of ITO nanostructures, however, exhibit non-Drude-like behavior,
e.g., depressed values of DC conductivity and negative values for Im{c}.

Therefore, the Drude-Smith model, which takes into account the carrier localization effect,
is applied to fit the experimentally deduced conductivity of the ITO material [19, 20]. In this
model, we write

o) = g, w}f T-[1+ y/(l - iw’f)]/(l —iwT) (26)

where w_and 7 are defined as plasma frequency and scattering time, respectively. Also in Eq.
(26), the parameter y is equal to the expectation value of cosine of carrier scattering angle.
It gauges the persistence of velocity of carriers. The values of y vary from 0 to 1. If y = 0, the
material shows Drude-like behavior. That is, the scattering of carriers is isotropic. In the limit
of y = -1, on the other hand, the carriers fully backscattered. The carrier localization effect
is strong. We have conducted a simulation study of the complex conductivity of ITO nano-
structures based on Drude-Smith model. The plasma frequency (w,) and scattering time (1)
are fitting parameters. The best fitted values for these two are found to be equal to 363 rad
THz and 49 fs, respectively. The cases of y =0, y =-0.25, y =-0.75, and y = -1 are shown in
Figure 7(a—d), respectively. If y = 0, see Figure 7(a), the Drude-Smith model reduces to the
Drude-like model, which has been described previously. In short, the curves for Re{o} and
Im{c} versus frequency exhibit maxima. Further, the value of Re{o} decreases with increas-
ing frequency. For the case of y = - 0.25 (see Figure 7(b)), both maximum values will show
a little shift toward higher frequency. For the cases of y = -0.75 and -1 (see Figure 7(c and
d)), the complex conductivities of the nanometer exhibit other features, e.g., a minimum for
Imf{c}. Further, there is an angular frequency at which Im{o} crosses zero. As a result, the
Im{o} is negative from DC to the zero-crossing frequency. The maxima of Re{o} now occurs
at a nonzero frequency. There are some studies that attribute the non-Drude-like behavior
to backscattering of carriers by grain boundaries [21-25]. In addition, after releasing free
electrons, the dopants in n-type TCOs will become positive ions. Due to the Coulomb inter-
action between free electrons and dopant ions, the latter will also act as scattering centers.
Consequently, movement of the electrons will be further impeded [26, 27].

Armed with knowledge of w_and 7, the mobility (u), carrier concentration (N_), and DC con-
ductivity (o ) of the material can then be calculated using the relations, u = (1+y)et/m’, N, =
sowpzm*/ez, and o, =£0a)p2’c (1+y), respectively. In these expressions, e = 1.602 x 10" C, is the
electronic charge; the electron effective mass is given by m" = 0.3m, [28], where m = 9.1094 x
10 kg, is the electron’s mass.
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Figure 7. Simulation of the complex conductivities of ITO nanostructures using the Drude-Smith model for the cases of

(a)y=0, (b) y=-0.25, (c) y =-0.75, and (d) y = -1. From the fitting, the plasma frequency (wp) and scattering time (7) are
determined to be 363 rad THz and 49 fs, respectively.

4. THz optical constants and conductivities of selected TCOs

We have studied several TCOs using Fourier transform infrared spectroscopic (FTIR) and
THz-TDS. First of all, the average transmittance of 100 nm thick ITO, AZO, and AYZO in
the millimeter wave to submillimeter wave range was determined to be ~21%, ~48%, and
~28%, respectively. In Figure 8(c), following the procedure detailed in Section 3 of the
chapter, we found that the DC conductivity (6,,.) and DC mobility (u) for ITO thin films
are 1.18-1.65 x 10° Q' em™ and 96-120 cm? V™' s7!, respectively. In Figure 8(a) and 8(b),
similarly, for AZO and AYZO thin films, 0. and p are 0.41-1.06 x 10° Q" cm™ and 7-84
cm? V7 s versus 0.91-1.12 x 10° Q' em™ and 26-85 cm? V™' 57!, respectively. Examining
X-ray diffraction (XRD) data of these samples, we can immediately conclude that mobility
of a particular sample is higher if the film exhibits larger grain size. On the other hand, if
the carrier concentration (N ) in the sample is high, the mobility of the sample would be
lower as a result of the smaller distance between impurity ions. Our studies of these bulk
TCO films to date thus indicate that AYZO has reasonable THz transmittance and electrical
properties. Within this class, it may be the material of choice than ITO (lower THz trans-
mittance) and AZO (lower mobilities) thin films for optoelectronic applications in the THz
frequency range.
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In Figure 9, we present complex conductivities of ITO nanomaterials and films studied by
our group, reproduced from Ref. 13 by permission. The values of Re{o} of both nanomaterials
show a decreasing trend with frequencies in the THz band we studied. Regions of negative
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values of Im{o} are also observed. These are typical features associated with the materials that
exhibit characteristics of carrier localization [2]. That is, the Drude-Smith model would likely
be the model of choice. Indeed, Re{o} and Im{c} of ITO nanomaterials can be fitted well by this
model (see Figure 9). From the fit, we determine that, for NRs with heights of 621.1 and 991.6
nm, the carrier scattering times are 31.7 and 13.5 fs; the plasma frequencies are 561 and 1006
rad THz; while the parameters y are —0.71 and —0.88, respectively. Similarly, for the NWhs with
heights of 802.6 and 1169.5 nm, we find that the carrier scattering times are 39.6 and 13.2 fs; the
plasma frequencies are 751 and 853 rad THz; the parameters y are -0.60 versus —0.74, respec-
tively. All y values of nanostructured ITO studied by our group are nearly —1.00. Such values
of y indicate that carrier localization effects in ITO NRs and NWhs are very important [13].

5. Liquid crystal terahertz phase shifters with functional ITO
Nanomaterials

5.1. Introduction

By now, the potential of THz science and technology to a host of applications ranging from
fundamental sciences to national security is well known [30]. Consequently, key components,
such as phase shifters, modulators, filters, and polarizers, need to be developed. Liquid crys-
tals (LCs) can be used to add functionalities to various THz optical and optoelectronic com-
ponents [31-33]. We have previously shown that phase shifts exceeding 2m at 1 THz can be
achieved by using electrically controlled birefringence in a homeotropically aligned LC (E7,
Merck) cell, 1.83 mm in thickness and biased at 100 V___[33]. As ITO films are opaque in the

THz frequency range [2, 13], we employed two copper pieces separated by ~11 mm at two
sides of LCs’ cell as electrodes for biasing and spacers [33].

As we illustrated in previous sections, the ITO NWhs can be used as transparent electrodes
for THz applications [2, 13]. Indeed, we demonstrated THz phase shifters with a phase shift
of around /2 at 1.0 THz with ITO NWhs used as transparent electrodes [34, 35]. Significantly,
ITO NWhs can also be used to align the liquid crystal molecules. Therefore, traditional align-
ment layers and procedures are not required.

In this section of the chapter, we present several designs of THz phase shifters with maximum
phase shifts exceeding 27t or 360°. This is significant for applications such as phased array
radar in the submillimeter band. ITO nanomaterials described in this work were employed
as transparent electrodes. These devices can be operated at relatively low voltage and exhibit
outstanding transmittance in the THz frequency region.

5.2. Construction of the THz phase shifters

Three possible designs are presented in Figure 10. In all, the LC (MDA-00-3461 by Merck)
layers were sandwiched between fused silica substrates that have the inner surface (facing
the LC layer) either deposited with or without ITO NWhs. Polyimides were deposited and
rubbed for LC alignment. Before turning on the voltage biasing the ITO NWhs, the LC mol-
ecules are aligned parallel to the substrates. As the bias is increased beyond the threshold
field due to the Fréedericksz transition, LC molecules will be reoriented toward the direction
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Figure 10. Schematic diagram of ITO NWhs 2nt THz phase shifters in the (a) four-layer, (b) three-layer, and (c) two-layer
design.

of the applied electric field. The threshold field is given by E, = mt(k,/(¢ A¢))"?/d, where the
free-space permittivity ¢, = 8.854 x 10 F m™ and d is thickness of a single cell or the distance
between two electrodes as shown in Figure 10. The threshold field also depends on the splay
elastic constant k, =12.6 x 107> N and dielectric anisotropy, Ae = ¢, — ¢ =11.2 for this LC. After
numerically finding the maximum tilt angle existing at every layer due to the weak boundary
of substrates for LCs molecules, due to the effective birefringence, the phase shift can be given
by 6 =2nfdAn where f and c are the THz frequency and the speed of light in vacuum,
respectively.

eff,Max/C’

5.3. Results and discussions

All the three designs are found to be successful as THz phase shifters. In Figure 11(a), we
showed measured phase shifts of the devices as a function of the driving voltage. Phase shift
exceeding 21t was demonstrated for all devices at 1.05 THz. The driving voltage needed is as
low as 5 V__ . Recalling performance of our previous work [33], the required voltage is lower
by 20 times. Examining Figure 1, one immediately see that the threshold voltage is also quite
low, less than 2 V__ . Transmittance of all three phase shifters in the range of 0.2-1.2 THz is

3.0 06
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Figure 11. (a) Voltage-controlled phase shifts at 1 THz and (b) transmittance for three different 2t THz phase shifters
based on multilayer ITO NWh:s.
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presented in Figure 11(b). Note that the design with four layers of ITO NWhs exhibits the
lowest threshold voltage and the lowest driving voltage needed to achieve 360° of phase shift.
In contrast, the THz transmittance of the phase shifter with just two layers of ITO NWhs is
significantly higher than others two. Although the loss of ITO NWhs is not so high in the THz
frequency band, the accumulated loss of the device with the employment of more layers of
electrodes is significant.

6. Summary

We have studied the frequency-dependent complex conductivities of several TCOs which
have the potential in the THz applications. These include ITO nanomaterials, ITO sputter-
ing films, AZO, and AYZO thin films. Methods for fabrication and characterization of these
technologically important materials are described in detail. It is shown that ITO nanomateri-
als exhibit non-Drude-like electrical characteristics. Among the bulk films, AYZO has accept-
able THz transmittance and good electrical properties such that it may be the better choice
than the ITO and AZO thin films for optoelectronic applications in the THz band. Correlating
with X-ray diffraction studies, we understood that the characteristics mentioned above can
be explained by the extent of carrier localization in these materials. In comparison with the
bulk films, ITO nanowhiskers are shown to be the material of choice as transparent electrodes
in the THz band. To demonstrate, we show that the phase shifter using ITO NWhs exhibits
transmittance as high as ~78% in the millimeter and submillimeter band. Several designs of
the phase shifter using liquid crystal for tuning were demonstrated. Over 27t of phase shifts
were realized at driving voltages that are over twenty times lower than previous designs.

Acknowledgements

This work was supported in part by the National Science Council, Taiwan, Republic of China,
through grants 102-2622-E-007-021-CC2, 101-2221-E-007-103-MY3, and 101-2112-M-007-
019-MY3, and a grant of the U.S. Air Force Office of Scientific Research, FA2386-13-1-4086.

Author details

Ci-Ling Pan'*, Chan-Shan Yang', Ru-Pin Pan? Peichen Yu® and Gong-Ru Lin*
*Address all correspondence to: clpan@phys.nthu.edu.tw

1 Department of Physics, National Tsing Hua University, Hsinchu, Taiwan

2 Department of Electrophysics, National Chiao Tung University, Hsinchu, Taiwan
3 Department of Photonics, National Chiao Tung University, Hsinchu, Taiwan

4 Graduate Institute of Photonics and Optoelectronics, National Taiwan University, Taipei,
Taiwan

283



284 Terahertz Spectroscopy - A Cutting Edge Technology

References

(1]

[10]

[11]

[12]

G. Xu, Z. Liu, J. Ma, B. Liu, S.-T. Ho, L. Wang, P. Zhu, T. J. Marks, J. Luo, and Alex K.
Y. Jen, “Organic electro-optics modulator using transparent conducting oxides as elec-
trodes,” Opt. Express 13, 7380-7385 (2005).

C.-S. Yang, M.-H. Lin, C.-H. Chang, P. Yu, J.-M. Shieh, C.-H. Shen, O. Wada, and C.-L.
Pan, “Non-Drude behavior in indium-tin-oxide nanowhiskers and thin films by trans-
mission and reflection THz time-domain spectroscopy,” IEEE ]J. Quantum Electron.
49(8), 677-690 (2013).

P. Yu, C.-H. Chang, M.-S. Su, M.-H. Hsu, and K.-H. Wei, “Embedded indium-tin-oxide
nanoelectrodes for efficiency and lifetime enhancement of polymer-based solar cells,”
Appl. Phys. Lett. 96, 153307 (2010).

H. Yumoto, T. Sako, Y. Gotoh, K. Nishiyama, and T. Kaneko, “Growth mechanism of
vapor-liquid-solid (VLS) grown indium tin oxide (ITO) whiskers along the substrate,”
Journal of Crystal Growth 203, 136-140 (1999).

C.-W. Chen, Y.-C. Lin, C. H. Chang, P. Yu, J.-M. Shieh, and C.-L. Pan, “Frequency-
dependent complex conductivities and dielectric responses of indium tin oxide thin
films from the visible to the far-infrared,” IEEE ]J. Quantum Electron. 46(12), 1746-1754
(2010).

E. C. Garnett and P. Yang, “Silicon nanowire radial p-n junction solar cells,” J. Am.
Chem. Soc. 130, 9224-9225 (2008).

M. D. Kelzenberg, S. W. Boettcher, J. A. Petykiewicz, D. B. Turner-Evans, M. C. Putnam,
E. L. Warren, J. M. Spurgeon, R. M. Briggs, N. S. Lewis, and H. A. Atwater, “Enhanced
absorption and carrier collection in Si wire arrays for photovoltaic applications,” Nature
Materials 9, 239-244 (2010).

R. F. Bunshah and R. S. Juntz, “Influence of condensation temperature on microstructure
and tensile properties of titanium sheet produced by high-rate physical vapor deposi-
tion process,” Metallurgical Transactions 4, 21 (1973).

H. Yumoto, J. Hatano, T. Watanabe, K. Fujikawa, and H. Sato, “Properties and surface
morphology of indium tin oxide films prepared by electron shower method,” Jpn. J.
Appl. Phys. 32(part 1) 1204-1209 (1993).

N. Laman and D. Grischkowsky, “Terahertz conductivity of thin metal films,” Appl.
Phys. Lett. 93, 051105 (2008).

J.B.Baxterand C. A. Schmuttenmaer, “Conductivity of ZnOnanowires, nanoparticles, and
thin films using time-resolved terahertz spectroscopy,” J. Phys. Chem. B 110, 25229-25239
(2006).

C. A. Schmuttenmaer, “Using terahertz spectroscopy to study nanomaterials,” Terahertz
Science and Technology 1, No. 1-8 (2008).



[13]

[14]

[15]

[16]

[17]

(18]

(19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Nanostructured Indium Tin Oxides and Other Transparent Conducting Oxides...
http://dx.doi.org/10.5772/66344

C.-S. Yang, C.-M. Chang, P.-H. Chen, P. Yu, and C.-L. Pan, “Broadband terahertz conduc-
tivity and optical transmission of indium-tin-oxide (ITO) nanomaterials,” Opt. Express
21(14), 16670-16682 (2013).

C.-S. Yang, C.-H. Chang, M.-H. Lin, P. Yu, O. Wada, and C.-L. Pan, “THz conductivities
of indium-tin-oxide nanowhiskers as graded-refractive-index structure,” Opt. Express
20(54), A441-A451 (2012).

C.-S. Yang, C.-J. Lin, R.-P. Pan, C. T. Que, K. Yamamoto, M. Tani, and C.-L. Pan, “The
complex refractive indices of the liquid crystal mixture E7 in the terahertz frequency
range,” J. Opt. Soc. Am. B 27(9), 1866-1873 (2010).

J. Han, Z. Zhu, S. Ray, A. K. Azad, W. Zhang, M. He, S. Li, and Y. Zhao, “Optical and
dielectric properties of ZnO tetrapod structures at terahertz frequencies,” Appl. Phys.
Lett., 89, 031107 (2006).

J. Han, W. Zhang, W. Chen, S. Ray, J. Zhang, M. He, A. K. Azad, and Z. Zhu, “Terahertz
dielectric properties and low-frequency phonon resonances of ZnO nanostructures,” J.
Phys. Chem. C, 111(35), 13000-13006 (2007).

X.Zou, ]. Luo, D. Lee, C. Cheng, D. Springer, S. K. Nair, S. A. Cheong, H. J. Fan, and E. E.
M. Chia, “Temperature-dependent terahertz conductivity of tin oxide nanowire films,”
J. Phys. D: Appl. Phys., 45, 465101 (2012).

G. ]. Exarhos and X.-D. Zhou, “Discovery-based design of transparent conducting oxide
films,” Thin Solid Films, 515, 7025-7052 (2007).

N. V. Smith, “Classical generalization of the Drude formula for the optical conductiv-
ity,” Phys. Rev. B, 64, 155106 (2001).

D. G. Cooke, A. N. MacDonald, A. Hryciw, J. Wang, Q. Li, A. Meldrum, and F. A.
Hegmann, “Transient terahertz conductivity in photoexcited silicon nanocrystal films,”
Phys. Rev. B, 73, 193311 (2006).

T. L. Cocker, L. V. Titova, S. Fourmaux, H.-C. Bandulet, D. Brassard, J.-C. Kieffer, M. A.
El Khakani, and F. A. Hegmann, “Terahertz conductivity of the metal-insulator transi-
tion in a nanogranular VO, film,” Appl. Phys. Lett., 97, 221905 (2010).

H. Némec, P. KuZel, and V. Sundstrom, “Far-infrared response of free charge carriers
localized in semiconductor nanoparticles,” Phys. Rev. B, 79, 115309 (2009).

H. Némec, P. Kuzel, and V. Sundstrom, “Charge transport in nanostructured materi-
als for solar energy conversion studied by time-resolved terahertz spectroscopy,” J.
Photoch. Photobio. A, 215, 123-139 (2010).

L. V. Titova, T. L. Cocker, D. G. Cooke, X. Wang, A. Meldrum, and F. A. Hegmann,
“Ultrafast percolative transport dynamics in silicon nanocrystal films,” Phys. Rev. B, 83,
085403 (2011).

E. Conwell and V. F. Weisskopf, “Theory of impurity scattering in semiconductor,”
Phys. Rev., 77(3), 388-390 (1950).

285



286 Terahertz Spectroscopy - A Cutting Edge Technology

[27]

(28]

[29]

(30]

[31]

[32]

[33]

[34]

[35]

J. Ederth, “Electrical transport in nanoparticle thin films of gold and indium tin oxide,”
Ph.D. dissertation, Dept. Mat. Science, Uppsala University, Uppsala, Sweden, 2003.

J. Gao, R. Chen, D. H. Lin, L. Jiang, ]. C. Ye, X. C. Ma, X. D. Chen, Q. H. Xiong, H. D. Sun,
and T. Wu, “UV light emitting transparent conducting tin-doped indium oxide (ITO)
nanowires,” Nanotechnology, 22, 195706 (2011).

C.-L. Pan and C.-S. Yang, “Transparent Conducting Oxides for THz Applications,” The
8th International Photonics and OptoElectronics Meetings (POEM 2015), OSA Topical
Meeting on Optoelectronic Devices and Integration (ODEI), June 16-19. Wuhan, China,
paper OTB.1.

X.-C. Zhang and J. Xu, Introduction to THz Wave Photonics, Springer, New York, US,
2010.

C.-Y. Chen, C.-F. Hsieh, Y.-F. Lin, R.-P. Pan, and C.-L. Pan, “Magnetically tunable room-
temperature 27 liquid crystal terahertz phase shifter,” Opt. Express 12, 26302635 (2004).

C.-F. Hsieh, R.-P. Pan, T.-T. Tang, H.-L. Chen, and C.-L. Pan, “Voltage-controlled liquid-
crystal terahertz phase shifter and quarter-wave plate,” Opt. Lett. 31, 1112-1114 (2006).

H.-Y. Wu, C.-F. Hsieh, T.-T. Tang, R.-P. Pan, and C.-L. Pan, “Electrically tunable room-
temperature 2m liquid crystal terahertz phase shifter,” IEEE Photonic Technol. Lett. 18,
1488-1490 (2006).

C.-S. Yang, T.-T. Tang, P.-H. Chen, R.-P. Pan, P. Yu, and C.-L. Pan, “Voltage-controlled
liquid-crystal terahertz phase shifter with indium-tin-oxide nanowhiskers as transpar-
ent electrodes,” Opt. Lett. 39(8), 2511-2513 (2014).

C.-S. Yang, T.-T. Tang, R.-P. Pan, P. Yu, and C.-L. Pan, “Liquid crystal terahertz phase
shifters with functional indium-tin-oxide nanostructures for biasing and alignment,”
Appl. Phys. Lett. 104, 141106 (2014).



Chapter 15

Ultrafast Carrier Dynamics at p-n Junction of
Cu(In,Ga)Se,-Based Solar Cells Measured by Optical
Pump Terahertz Probe Spectroscopy

Woo-Jung Lee and Yong-Duck Chung
Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/66350

Abstract

Among other materials, the p-type Cu(In,Ga)Se, (CIGS) alloy has attracted attention as
the most efficient absorber in thin-film solar cells. The typical CIGS layer is deposited
with a polycrystalline structure containing an amount of native defect states, which serve
as carrier traps and recombination centers. These defect states in the CIGS layer can be
easily changed after deposition of an n-type buffer layer, due to the formation of p-n junc-
tions. To understand the influence of the p-n junction on these defect states, the behav-
ior of photoexcited carriers, from the CIGS absorber to the buffer layer, is considered to
be an important issue and is closely related to solar cell performance. In this study, we
performed experiments to investigate the ultrafast carrier dynamics of CIGS-based solar
cells, using optical pump terahertz (THz) probe (OPTP) spectroscopy, and demonstrated
the correlation between solar cell performance and the behavior of photoexcited carrier
dynamics.

Keywords: ultrafast carrier dynamics, Cu(In,Ga)Se,, optical pump terahertz probe
spectroscopy, p-n junction, defect states

1. Introduction

1.1. Basic properties of a CIGS solar cell

Cu(In,Ga)Se, (CIGS) is an attractive material for solar cells because of its beneficial qualities,
including a high absorption coefficient for visible light, favorable direct bandgap (Eg), and
great power conversion efficiency [1-5]. CIGS is comprised of CulnSe, (CIS)-CuGaSe, (CGS)
and its Eg can be controlled from 1.04 eV of CIS to 1.68 eV of CGS by adding Ga content
into the CIS. A CIGS of a ternary compound consists of a group I element (Cu), III elements

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIN
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Figure 1. (a) The cross-section image of a CIGS solar cell with a CBD-ZnS buffer layer obtained by scanning electron
microscopy and (b) the schematic diagram of a completed CIGS solar cell structure.

(Ga, In), and IV elements (Se), which are tetrahedrally bonded with a chalcopyrite crystal
structure. The CIGS is generally deposited as a polycrystalline structure with an amount of
native defect states and grain boundaries, which serve as carrier traps and recombination
centers [6-8]. Representatively, there are 12 intrinsic defect states in CIGS: 3 vacancies (V,
v, and V), 3 interstitials (I, IIl, and V1), and 6 antisite defects (I, I, III, III, V, and VI ).
These defect states can work as either acceptors or donors by enthalpy of formatlon energy.
The typical CIGS is considered to be a p-type material because of the amount of negatively

charged Cu vacancies (V) with acceptor characteristics [9].

A CIGS solar cell with a chemical bath deposited-ZnS (CBD-ZnS) buffer layer is composed
of several stacked layers, as indicated in the scanning electron microscopy (SEM) image of
Figure 1a. p-Type CIGS layers with a polycrystalline structure approximately 2.2 um thick
were deposited by the conventional coevaporation method of a multistage process on Mo
coated soda lime glass (SLG) [10-12]. As the n-type buffer layer, CBD-ZnS with a thickness
of ~30 nm was prepared on the CIGS layer by precipitation from an aqueous solution. RF
sputtering was then conducted to form an i-ZnO(70 nm)/ITO(150 nm) film as the transpar-
ent conducting oxide (TCO) layer. Finally, a current-collecting grid of Ni(50 nm)/Al(3 pm)
was deposited by e-beam evaporation, completing the structure of the solar cell described in
Figure 1b.

In CIGS-based solar cells, understanding the interfacial reaction at the p-n junction
between the p-type CIGS absorber and n-type buffer layer is particularly important. This
is because the intrinsic defect states in the CIGS, which experience a metastable redistri-
bution of charge carriers after deposition of the buffer layer, have an influence on device
performance [13-15]. Moreover, these defect states and the properties of the p-n junction
have a decisive effect on the carrier relaxation dynamics in the CIGS layer, dominating
the device performance. Thus, to improve the CIGS efficiency in a solar cell, it is essential
to understand the intrinsic characteristics of the native defects in the CIGS, and the p-n
junction.



Ultrafast Carrier Dynamics at p-n Junction of Cu(In,Ga)Se,-Based Solar Cells Measured by Optical Pump...
http://dx.doi.org/10.5772/66350

1.2. Optical pump-THz probe spectroscopy

Among various measurement tools, optical pump terahertz (THz) probe (OPTP) spectros-
copy was utilized in this experiment to verify the effect of the defect states because it is
an extremely sensitive tool for investigating scattering mechanisms and dynamic energy
transitions of photoexcited carriers in the region of shorter timescales on the order of ~fs
and ps [16-18]. Figure 2 shows the equipment system of the OPTP spectroscopy used
in this study [19]. The detailed explanation for ingredients of the system is described as
follows.

e Y =

Probe
beam ———">» Chopper

Lock-in

|
’ { i Balanced
Detector
ZnTe
THz G

Sample

ZnTe

Figure 2. Schematic diagram of OPTP measurement system.

To measure the photoexcited carrier dynamics related with defect states, THz-time domain
spectroscopy (in short, THz-TDs) measurement is carried out in advance. A fs pulse laser with
800 nm wavelength and pulse duration of 120 fs is generated from a Ti:sapphire regenerative
amplifier system (Micra-Legend Elite, Coherent Inc.), which is split into two beams; one is
transformed into THz signal, passing <110> ZnTe crystal with a thickness of 1 mm and the
other is maintained as a probe beam with a time delay by moving the delay stage. The former
of THz signal is transmitted throughout the sample, and then detected by means of an electro-
optic (EO) sampling method of 3 mm thick <110> ZnTe nonlinear crystal, which signal is col-
lected with a lock-in amplifier (Stanford Research System, SR830). For OPTP measurement,
the maximum point of the transmitted THz signal is verified and probe beam is positioned at
this point by fixing the delay stage. The optical pump beam excites the samples with the time
delay and transient change of the sample in the 0.2-2.6 THz frequency range was probed by
THz probe pulse via EO sampling. The diameter of the pump beam is 3 mm, which is over
two times larger than that of the THz probe beam. Thus, the time evolution of the pump-
probe signal can be collected by scanning the time delay of the pump pulses with respect to
the THz pulse. All OPTP experiments are carried out at room temperature in confined area
by purging dry air.
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2. Ultrafast carrier dynamics of CIGS solar cell

2.1. Na effect in CIGS solar cell

In CIGS solar cell, Na supply is known to be one of the methods for enhancing solar cell effi-
ciency. Na atoms are typically supplied by utilizing SLG, which is a preferred substrate mate-
rial for the industrial manufacturing of rigid CIGS-based modules. It is a generally accepted
contention that Na atoms diffuse from the SLG into the CIGS layer through a Mo layer during
fabrication of solar cell, beneficially affecting the conversion efficiency of the solar cell [20—-24].
On the basis of Na effect, we assume that Na diffusion into the CIGS layer may alter the elec-
tronic structure and defect states. However, direct evidence of how Na influences the perfor-
mance of solar cell has not yet been obtained experimentally. We consider the possibility that
electronic structure of abundant defect states existed in the CIGS layer can be changed by Na
content, which is a crucial issue in efforts to optimize solar cell design.

In this section, to investigate the formation of defect states in the CIGS layer depending on
the Na content, the study of ultrafast carrier dynamics was conducted on the CIGS layers
grown on two different substrates, borosilicate (BS) and SLG by measuring OPTP spectros-
copy. Carrier dynamics related to defect states can be determined by the relaxation times of
photoexcited carriers relative to the scattering rate or carrier-trapping at defect states, ranging
from hundreds of fs to several ps. After p-n junction was formed by depositing a CdS layer as
a buffer layer, carrier dynamics were also subsequently analyzed.

2.1.1. The fabrication of CIGS solar cell depending on Na content

CIGS layers of approximately 2.5 um thick were deposited on Mo coated BS (Na,O: 4 at.%)
and SLG (Na,O: 14 at.%), respectively. The Ga/IIl and Cu/IIl composition ratios of the CIGS
layer were about 0.14 and 0.87 in both cases. As a buffer layer, an n-type CdS layer with a
thickness of ~70 nm was grown on the CIGS via CBD method. Typical solar cells (ITO/i-ZnO/
CdS/CIGS/Mo) were then fabricated on BS and SLG under identical conditions, and their effi-
ciencies were determined to be 8.5 and 10.9%, respectively. The device performance on SLG
was superior to that on BS by ~2.4%, which is ascribed to the diffusion of Na atoms from the
SLG. To investigate how the substrates affected defect states, PL and OPTP measurements
were conducted on CIGS and CdS/CIGS layers directly grown on BS and SLG without a Mo
layer. For OPTP measurement, metal layer such as Mo should be removed because THz probe
pulse can be easily absorbed by metal layer due to numerous free carriers.

SEM measurement was performed on each CdS/CIGS samples grown on BS and SLG as
shown in Figure 3a, b and ¢, d, respectively. Approximately 2.5 um thick CIGS absorber and
70 nm thick CdS buffer layer were similarly deposited on both substrates. We found out that
grain size of CIGS grown on SLG is larger than that on BS, which is considered as diffused-Na
from the SLG. To verify the existence of the Na content, depth profiles of the elemental con-
stituents in the CdS/CIGS layer grown on BS and SLG were examined by using secondary ion
mass spectroscopy (SIMS) as shown in Figure 4. A substantial Na content diffused up to the
CdS layer in the SLG case, but not the BS. SIMS results clearly demonstrate that the SLG can
effectively supply Na atoms into the CIGS and the CdS layer as compared to BS.
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Figure 4. SIMS depth profiles of Na atoms in the CdS/CIGS layers grown on BS and SLG.

2.1.2. OPTP spectroscopy results

To measure the photoexcited carrier dynamics, the measurement of THz-TDs is essential.
Figure 5 shows the THz pulse spectra transmitted through the CIGS films grown on BS and
SLG. After penetration of THz pulse through the samples, the intensity of THz pulse was
drastically decreased as compared with the reference THz pulse (noted as “air”).

Based on the results of THz-TDs spectrum, the measurement of OPTP spectroscopy was con-
ducted on the CIGS and CdS/CIGS layer. In this experiment, pump beam of 400 nm is utilized
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Figure 5. THz pulse spectra transmitted through the CIGS films grown on BS and SLG with a reference THz pulse
measured by THz-TDs spectroscopy.

to excite photocarriers from the CdS buffer layer. When an intense fs laser pump pulse of 400
nm is injected, charge carriers excite, and the THz probe pulse is transmitted with pump-
induced change; that is, the THz probe pulse transmitted through the samples reflects the
absorption change induced by the fs laser pump pulse of 400 nm, which is expressed with,
—AT/T. Thus, the near-edge —~AT/T spectra intensity implies the photoexcited carrier density,
and the decay curve corresponds to the carrier lifetime. The ~AT/T signal is mainly attributed
to the carrier relaxation of photoexcited electrons not holes since the effective mass of the elec-
tron is smaller than that of a hole in CulnSe, and CuGaSe, [9]. The typical ~AT/T curve, at first,
abruptly increases due to the absorption of photoexcited carriers by photon energy above the
E,, and then sequentially decays owing to the intraband relaxation (7,) and the recombination
process/trapping at defect states (,) [18, 25]. The photocarrier density is drastically decreased

i ' " ! - BSCIGS —— SLG/CIGS
0as| BSCIGSACES ] SLG/CIGS/CAS
E‘} . —— fitting E 0.20 — fitting 1
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Figure 6. The measured and fitted ~AT/T spectra of the CIGS and CdS/CIGS layers grown on BS (a) and SLG (b) produced
by the photoinduced change in the THz probe pulse (a 400 nm pump beam was used).
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BS/CIGS BS/CIGS/CdS SLG/CIGS SLG/CIGS/CdS
T, 1.7 ps 9.3 ps 1.3 ps 7.6 ps
7, 1150 ps 520 ps 1110 ps 2580 ps

Table 1. The carrier lifetimes obtained from the CdS/CIGS and CIGS layer are summarized as a function of substrate.

after the deposition of CdS layer in case of BS (Figure 6a) and is almost identical to both CIGS
and CdS/CIGS layers in case of SLG (Figure 6b), which means that the characteristics of the
CIGS layer is significantly changed in contact with the CdS layer. The time evolution of ~AT/T
can be well fitted with a biexponential function. The lifetimes of 7, and 7, obtained from the
CIGS layer were approximately 1.7 and 1150 ps in BS, and 1.3 and 1110 ps in SLG; this means
that a similar relaxation mechanism exists in the two CIGS layers. After deposition of the CdS
layer, the lifetimes of 7, and 7, were noticeably changed, into 9.3 and 520 ps in BS, and 7.6 and
2580 ps in SLG. Interestingly, 7, dropped by half in BS, whereas it rose two-fold in SLG. These
lifetimes are summarized in Table 1.

2.1.3. Ultrafast carrier dynamics at p-n junction of CdS/CIGS depending on Na content

To identify the defect states determining the lifetime of the relaxed carriers, PL measurement
was performed with an excitation light of 400 nm, an identical value to the pump beam energy
of OPTP measurement. PL peak assigned to the donor-acceptor pair (DAP) transition [26-29].
The DAP transition energy is measured of approximately 0.97 and 0.92 eV in CIGS on SLG and
BS, respectively. Using the estimated E of 1.1 eV, the sum of each donor and acceptor ionization
energy (AE_ + AE,) becomes 130 meV i in SLG and 180 meV in BS. Accordmg to several reports,
the enthalpy of the formation energy of defects such as V., V. *, and I'n." is very small and even
negative [9, 30]. In the CIGS layer on SLG, the PL peak of 0.97 eV stems from the optical transition
between the shallow acceptor level of 50 meV formed by V . and the donor level of 80 meV cre-
ated by Se vacancy (V, ) [28]. In CIGS on BS, a new defect level emerges. It is plausible to assign
this as an optical transmon from antisite In, as a donor level of descending order to V., [28, 31].

Generally, photocarriers excited by high photon energy comply with Fermi-Dirac distribu-
tions through carrier-carrier scattering within a few hundred fs, and then lose their excess
energy to the lattice, and relax to the bottom of the band by carrier-phonon scattering within
several ps [18, 25]. In the both cases of CIGS on BS and SLG, 7, shows the similar trend regard-
less of substrate types because 7, is determined by the intraband relaxation time to reach the
bottom of the conduction band; that is, it means that CIGS layers grown on BS and SLG are
almost identical. Moreover, measured lifetimes of 7, in our system are similar to other results
for CIGS thin film [32, 33]. On the other hand, 7, corresponds to an interband relaxation time
either by the recombination of the electron-hole pair to restore initial states or by the elec-
tron trapping at defect states energetically located within the E . The both 7, obtained from
the CIGS on BS and SLG also indicate similar values. C0n51der1ng reported lifetimes, 7, is
ascribed to the relaxation time from conduction band edge to the shallow acceptor energy
level localized above the valence band edge within several nanoseconds [33]. After p-n junc-
tion is formed, 7, becomes longer within several picoseconds in both cases of CdS/CIGS on

293



294 Terahertz Spectroscopy - A Cutting Edge Technology

BS and SLG. It is due to the CdS band structure with larger E of 2.4 eV, bringing about rise of
the time for photocarriers to reach the conduction band edge. On the other hand, 7, exhibited
the opposite trend after the deposition of the CdS layer on CIGS, which implies that differ-
ent defect states are formed near the p-n junction as a function of substrate type. In BS, 1, is
about 520 ps, whereas in SLG, it is approximately 2580 ps; that is, in the case of BS, a deeper
defect level to trap photocarriers could be formed at the p-n junction, shortening 7, value.
Considering PL results, the formation of deeper defect states into the E_ is plausible in CIGS
on BS because decreased PL intensity in BS is caused by electron trapping at defect states
instead of the radiative recombination. We suggest that the Na atoms affect the quality of p-n
junctions and defect states located in E . According to calculation results, ionized intrinsic I
n.* can transform into lattice-relaxed, deep defect level “DX states” formed as a Frenkel-
pair consisting of an In interstitial and a Cu vacancy; that is, In_ * +2e —» In ° = (In,*-
V..~ ) [34]. Since large quantities of isolated In, and isolated V. are formed very close to a 1:2
ratio during CIGS growth, most I eventually exists as a neutral defect (In., -2V, ), whereas
the amount of uncompensated isolated In. becomes a donor [35, 36]. The above intrinsic
defect complexes can create the defect-localized states in the E, namely “DX states,” in the
case of Cu(In, Ga )Se, with an Eg <1.2 eV and x < 0.3 [34]. This has a harmful influence on PV
device performance by trapping photocarriers produced by photoexcitation under illumina-
tion. These “DX states” even cause Fermi level pinning and trapping of photocarriers near the
p-njunction, resulting in a decrease of 7, in BS. In the case of SLG, the increase of 7, is thought
to result because the added Na automatically diffuses into the CIGS and CdS layer from the
SLG, as demonstrated in SIMS results. The incorporation of less than 1% Na is considered
enough to significantly change their electronic properties. Na is known to reduce the defect
density inCIGS film by passivation of the Se vacancy or annihilation of the compensating
antisite donor defect I ., by Na [20]. We suggest a possible scenario for the cause of the longer
lifetime, 7,in SLG: (i) Na eliminates In . by substituting for In on Cu sites; that is, forming N
a ., and (ii) Na easily forms Na | antisites defects, resulting in an increase in acceptor density.
Thus, there is no “DX state” in SLG, which is due to the deficient In being replaced by Na
which prevents the creation of defect complexes (In., -2V, ), near the p-n junction. In other
words, the introduction of Na into the CIGS and CdS layers plays an important role in the PV
device; this is because of the removal of “DX states” and an increase in acceptors, thereby pro-
moting 7, in SLG. The relaxation mechanism of photocarriers at the p-n junction of CdS/CIGS
depending on the two substrates of BS and SLG is displayed in a simplified band structure in
Figure 7. This result clearly indicates that Na atoms exert a positive effect at the p-n junction
of PV devices by producing increased photocarrier lifetimes in the case of SLG.

2.2. Variation of buffer layer in CIGS solar cell

Typical CIGS-based solar cells have a buffer layer between the CIGS absorber layer and the
transparent ZnO front electrode, which plays an important role in improving the cell perfor-
mance. Among various buffer materials, Zn-based materials have been frequently studied
because of their beneficial properties, for example, good transparency with large direct E , less
toxicity, and cost effectiveness [37-40]. ZnS film can be grown by various deposition methods
such as evaporation, atomic layer deposition, sputtering, and metal organic chemical vapor
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Figure 7. (a) A schematic defect level diagram at the p-n junction of CdS/CIGS. (b) Illustration of the carrier relaxation
mechanism of CIGS thin films after deposition of CdS layer depending on substrate type of BS and SLG.

deposition. The efficiency of the CIGS solar cell with a Zn-based buffer layer is comparable to
a conventional CIGS solar cell with a CdS buffer layer [41]. Ultimately, the efficiency of solar
cells with a Zn-based buffer layer depends on the properties of the p-n junction, which is
mainly determined by the buffer layer deposition process.

In this section, we fabricated a CIGS solar cell with Zn-based buffer layers grown by three
deposition methods, cracker-Zn(O,S), CBD-Zn(O,S), and sputter-Zn(O,S), based on optimized
conditions previously determined by our group [42-45]. To extract the correlation between
cell efficiency and the interfacial characteristics between the CIGS and buffer layer, OPTP
spectroscopy was utilized to investigate the CIGS, and the CIGS with the buffer layer, with
respect to carrier trapping times at defect states.

2.2.1. The fabrication of a CIGS solar cell with a Zn-based buffer layer

A CIGS layer of approximately 2.2 um thick was deposited on a Mo coated SLG. The Ga/
IIT and Cu/III composition ratios of the CIGS layer were measured to be about 0.3 and 0.96,
respectively, by X-ray fluorescence. We prepared two vacuum-based buffer layers of cracker-
Zn(O,S) and sputter-Zn(O,S) with thicknesses of ~8 and 70 nm, respectively. We also arranged
one chemical-based buffer layer of CBD-Zn(O,S) with a thickness of 30 nm. Since the buffer
layers were deposited utilizing the optimized conditions from our group, their thicknesses
were different.

Typical solar cells were fabricated with the various buffer layers, and the other deposition
conditions were identical. The performance of the solar cell showed that the results depend
on the buffer types. The best cell efficiency of approximately 13% was obtained for the CIGS
solar cell with CBD-Zn(QO,S).

Details of the cell structures and their cell performance are provided in Figure 8. For the OPTP
measurement, CIGS without a Mo layer and a Zn-based buffer layer was directly deposited
on SLG, and the injected and transmitted optical and THz pulses are simply illustrated in
Figure 9.
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Figure 8. The performance of the CIGS solar cell as a function of the method of deposition of the Zn-based buffer layer
(left), and an illustration of the completed CIGS solar cell structure (right).
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Figure 9. Simplified schematic diagram of the OPTP spectroscopy measurement.

2.2.2. OPTP spectroscopy results

For OPTP measurement, THz-TDs were conducted on the samples by comparing the THz
pulse before and after transmission through the sample. Figure 10a shows the THz pulse
spectra transmitted through the SLG, which is drastically reduced in comparison with the
reference THz pulse through “air”. After penetration of the THz pulse through the sample
of CIGS and the Zn(O,S) buffer layers deposited on the CIGS, the intensity of the THz pulses
were found to be similar to each other, as indicated in Figure 10b. This means that no photo-
carriers were excited by the THz pulse.

Based on the results of the THz-TDs spectra, OPTP spectroscopy measurements were carried
out on the CIGS and Zn(O,S)/CIGS layers. In those experiments, two pump beams of 400 and
800 nm were used to investigate optically photoexcited carrier dynamics along the depth
distribution.
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Figure 10. THz pulse spectra transmitted through the SLG and air (as a reference) (a), and CIGS and Zn(O,S) buffer
layers/CIGS grown on SLG (b) measured by THz-TDs.

Figure 11a and b show the —~AT/T spectra and normalized AT spectra of the CIGS film as a
function of pump beam energy. The spectra intensity at the near-edge implies the photoex-
cited carrier density, and the decay curve corresponds to the carrier lifetime. In the CIGS film,
the photoexcited carrier density and carrier lifetime were drastically increased by the pump
beam of 800 nm, as compared with the 400 nm beam, which means that the density of defect
states in the CIGS is differentiated along the depth direction.

Considering the penetration depth of the pump beam into the CIGS film, a wavelength of 400
nm should penetrate the surface of the CIGS less than 50 nm, and the 800 nm beam should
reach the near-surface of the CIGS at about 150 nm. Thus, we assume that the charge carrier
density acting as long-lived photocarriers is higher at the near-surface than the surface of the
CIGS.

To extract carrier lifetimes relative to defect states, we fitted the normalized AT spectra of the
CIGS using the equation (1) that follows:

t-t, t-t, t-t, t-t,
y® = [A, -(erf(_—Te> +y ) x[A,-exp <‘—To> +A -exp <_—T1> +A,-exp <_—T2>] 1)
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Figure 11. The measured —AT/T spectra of the CIGS (a) and normalized AT spectra of the CIGS (b) as a function of pump
beam energies of 400 and 800 nm.
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Figure 12. The normalized and fitted AT spectra of the CIGS measured at a pump beam energy of 800 nm. This indicates
the fitting method, after subtracting the short decay curves caused by the sharp peak.

In this study, a sharp peak appeared at the near-edge of the normalized AT spectra with the
800 nm pump beam (Figure 11b), which was separately fitted, as indicated in Figure 12. To
consider only the long decay curve while excluding the very sharp peak, we subtracted the
very short decay curves of less than 1 ps by fitting, as indicated in the inset of Figure 12. From
the fitting results, the notable thing to be observed is that the fast carrier lifetime (7,) of 61.8 ps
and the long carrier lifetime (7,) of 1552 ps existed for the 400 nm pump beam, while 7, disap-
peared and 7, became longer, reaching 1930 ps for the 800 nm pump beam.
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Figure 13. The normalized and fitted AT spectra of the pure CIGS film and various Zn(O,S) buffer layers deposited on
CIGS film, as a function of pump beam energies of 400 nm (a) and 800 nm (b).
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After deposition of the Zn(O,S) buffer layers on the CIGS film, OPTP spectroscopy was also con-
ducted. The photoexcited carrier density and carrier lifetimes at 800 nm were much higher than
that at 400 nm, which is a similar tendency to the measured spectra from the CIGS films as shown
in Figure 11a. After depositing the buffer layer on the CIGS, the decay curves were extended
regardless of the deposition method of buffer layer for both the 400 and 800 nm pump beams.

To clearly express the distinctive features of the carrier lifetimes according to buffer types,
we fitted the normalized AT spectra as presented in Figure 13a and b. The detailed carrier
lifetimes obtained from the fitting results are summarized in Table 2. After deposition of the
Zn(0O,S) buffer layers, two carrier lifetimes of 7, and 7, existed for the 400 nm pump beam,
whereas only the 7, value was detected and prolonged for the 800 nm pump beam, as was the
case with CIGS. In the case of the sputter-Zn(O,S)/CIGS, only the 7, value was found, without
T,, irrespective of pump beam energy.

Pump beam Lifetimes CIGS Cracker CBD Sputter
energy
400 nm 7, (ps) 61.8 141 119

7, (ps) 1552 2171 2529 2212
800 nm 7, (ps) -

7,(ps) 1930 2611 3325 2500

Table 2. The carrier lifetimes obtained from the pure CIGS film and various Zn(O,S) buffer layers grown on CIGS film
are summarized as a function of pump beam energy.

2.2.3. Ultrafast carrier dynamics of the CIGS/Zn-based buffer layer

To investigate the carrier dynamics related to the defect states along the depth direction in
the CIGS and Zn(O,S)/CIGS, 400 and 800 nm pump beam energies were applied. The 400 nm
pump beam is sensitive to the surface of the film, and the 800 nm pump beam reflects from
the near-surface of the film. The photocarriers in the CIGS film can be excited by both pump
beams, whereas those of the Zn(O,S) film cannot be excited by the 800 nm pump beam due to
its low energy of 1.55 eV.

To verify the light absorption of the Zn(O,S) buffer layer at the 800 nm wavelength depend-
ing on the deposition method, transmittance spectra were measured for various Zn(O,S) films
directly grown on SLG, as indicated in Figure 14. After deposition of the Zn(O,S) film, the
wavelength of 800 nm mostly penetrated toward the CIGS film.

In the pure CIGS film, two carrier lifetimes (fast: 7, of 61.8 ps and long: 7, of 1552 ps) were
detected for the 400 nm pump beam, while the fast carrier lifetime 7, was dissipated and long
carrier lifetime 7, was prolonged to 1930 ps for the 800 nm pump beam. From these results,
we inferred that there were different defect states available to trap photoexcited carriers at the
surface and the near-surface, respectively.
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Figure 14. Transmittance spectra of various Zn(O,S) films grown on SLG.

Even though there are several defect levels in the E_of CIGS, the carrier lifetimes average out
to one decay time. Thus, 7, and 7, should be explained with different photocarrier trapping
times, not defect energy levels. A typical CIGS film consists of numerous defect states, caused
by several point defects, grain boundaries, and rough surface [7, 9, 34]. With the injection of
the 400 nm pump beam into the CIGS film, the rough surface is an important factor, because
in a semiconductor, photocarriers can be captured at surface defect states.

Among the several point defects that exist in the CIGS film, Cu vacancies (V) can be easily
formed due to their low formation energy, creating a shallow acceptor level [9]. Thus, the V_,
defect level can have a dominant role in the trapping of photoexcited electrons. (In the OPTP
experiments, we only considered photoexcited electrons, not holes, due to the higher mobil-
ity of photoexcited electrons as compared to photoexcited holes.) Considering that photocarri-
ers are primarily excited in the surface region for the 400 nm, the trapping time of the surface
defect states is relatively faster than the bulk defects of V. . Based on surface defects and V,, we
assumed that 7, and 7, correspond to the trapping times of photoexcited electrons in the surface
defect states, and the V., defects entirely distributed from surface to bulk, respectively.

With the injection of the 800 nm pump beam into the CIGS film, photoexcited electrons occur
at the near-surface, and not the surface. Thus, 7, reflecting the CIGS surface is not detected,
because the photoexcited electrons are dominantly captured at bulk defect states before being
trapped at the surface defect states. The lower the defect density, the more that carrier life-
time is increased. Here, 7, is increased as compared to that for the 400 nm pump beam, which
means that the bulk defect density, V. , decreases along the depth direction, resulting in a rise
in 7,. The carrier dynamics model in the pure CIGS film is illustrated in Figure 15a.

After deposition of the Zn(O,S) buffer layers on the CIGS film, both 7, and 7, were increased
for the 400 nm pump beam, excluding the sputter-Zn(QO,S) buffer layer. The increase in 7, is
attributed to the surface curing effect, which reduces surface defect states after the deposi-
tion of the buffer layer. Since a thin-buffer layer does not entirely cover the rough surface of
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Figure 15. Schematic diagram of photoexcited carrier dynamics in the pure CIGS film (a) and after deposition of Zn(O,S)
buffer layers on the CIGS film (b) as a function of pump beam energy.

the CIGS film, 7, is slightly increased up to ~140 ps and 120 ps in cracker-Zn(O,S) and CBD-
Zn(0O,S) which are about 8 and 30 nm thick, respectively.

In the sputter-Zn(O,S) buffer layer, 7, is dissipated because of its thick-film thickness of 70
nm, which relieves the surface scattering effect, as compared with the other buffer layers. In
general, Zn atoms of the buffer layer have been known to diffuse toward the CIGS film. The
diffused Zn atoms can occupy the V. sites, forming a Zn* charge state as a donor [46, 47].
Thus, Zn substitution to V., Zn ., causes a reduction in the bulk defect states available to trap
photoexcited electrons, resulting in a rise of T,.

With the 800 nm pump beam, 7, also disappeared, like the CIGS film, implying surface defect
states were not detected. The 7, values also increased, which is ascribed to the combination
of increased Zn, in the surface region of the CIGS, and decreased bulk defect density, V.

The carrier dynamics model in the Zn(O,S)/CIGS film is illustrated in Figure 15b. 7, showed the
highest values for both pump beams of 400 and 800 nm in the CBD-Zn(O,S) buffer layer grown
on CIGS, as compared with the others. From these results, we carefully suggest that solar cell
efficiency can be enhanced when carrier lifetime reflecting bulk defect density is prolonged.

3. Conclusion

In summary, we have demonstrated the effectiveness of OPTP measurement for determining
the ultrafast carrier dynamics of photocarriers excited from CIGS and buffer layers, depend-
ing on substrate type (BS and SLG) and several Zn(O,S) buffer layers (cracker-, CBD-, sput-
ter-Zn(O,S)). By fitting the normalized AT spectra, carrier lifetimes were extracted and then
carrier behavior was analyzed, related with defect states.

Considering the enthalpy of formation energy, V, can be easily formed in CIGS, which has
an important influence on carrier lifetimes. In the first study, we found that a deep complex
defect level of (In., -2V, ), designated “DX states,” could be natively formed in the E near
the p-n junction in the case of BS, resulting in a decrease of 7, due to trapping photocarriers.
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In contrast, 7, was increased in SLG with the addition of a Na supply, which is considered to
relieve the defect level located in the E , forming the Na_,, antisite.

In the second study, the behavior of V. defect states was determined to play a dominant
role. Based on the geometric characteristics of the CIGS layer, we defined the two types of
defect states, 7, and 7,, which correspond to the trapping times of photoexcited electrons in
the surface defect states at the CIGS surface, and the V. defects, which are entirely distrib-
uted in the CIGS bulk, respectively. From the fitted 7 , and 7 , values, we discovered that the
V., defect states decrease in the depth direction of the CIGS, and Zn substitution to V., Z
n.,, causes a decrease in bulk defect states available to trap photoexcited electrons, resulting
in a rise of T,
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