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Preface

Most of the electromagnetic (EM) spectrum has been extensively studied and used

in countless industrial applications in communications, microscopy, spectroscopy
and material analysis, medicine, and so on. Nevertheless, until a short time ago, the
portion of the EM spectrum ranging from 100 GHz (3 mm) to 10 THz (30 pm), com-
monly known as the Terahertz (THz) region, has remained elusive for experimental
science. The THz region of the electromagnetic spectrum is the least explored, the
least well-known, and the last to be put to commercial use. The first measurements

in the THz region were carried out by Heinrich Rubens in 1900 who measured the
emission spectrum of the blackbody down to a few THz. His study played a key role in
the formulation of the Max Plank blackbody radiation law.

Nevertheless, over the ensuing seven decades, the THz region received little atten-
tion. It was considered an “exotic” research field despite its recognized wide range of
potential applications. It was only in the 1970s, once it was clearly demonstrated that
most of the information about interstellar dust precisely lies in the THz portion of the
EM spectrum, that research in THz was tackled vigorously. Since then, many tele-
scopes have been designed and built to operate in the THz region around the world,
especially in space-borne observatories. This has made available THz instrumentation
that subsequently has enabled the progress of THz science in many research fields
beyond astronomy. The interest in THz science also increased due to some unique
properties of THz radiation, including imaging of concealed objects, spectroscopy
(various rotational, vibrational, and translational modes of lightweight molecules are
within the THz range, i.e., many substances have a THz fingerprint), communications
with a bandwidth significantly larger than those based on microwaves, and more.

The past two decades have seen tremendous advances in the availability of THz
sources and detectors that paved the way for commercial use, which in turn have
fueled research in new applications of THz radiation. Some examples of new THz
sources are Quantum Cascade Lasers (QCLs), photoconductors and photodiodes,
nonlinear optical (NLO) materials excited by lasers, electronic sources, and oscilla-
tors. Similarly, new detectors based on solid-state devices such as Schottky-barrier
diodes and bolometers, plasma waves in field-effect transistors, and others have been
demonstrated.

This book includes six chapters summarizing the most recent progress and efforts in
different research areas of THz science. It is organized into three sections: “Terahertz

Time-Domain Spectroscopy,” “2D Materials for Terahertz Technology,” and “Biology
and Terahertz Radiation.”

The first section, “Terahertz Time-Domain Spectroscopy”, consists of three chapters.
Chapter 1 “On-Chip Sub-Diffraction THz Spectroscopy of Materials and Liquids” by
Randy M. Sterbentz and Joshua O. Island, focuses on the use of fast photoconductive
switches to generate and detect on-chip THz pulses using a femtosecond laser to study



the picosecond dynamics and THz spectroscopy of materials and liquids. Chapter 2,
entitled “Terahertz Spectroscopy in Advanced Materials Science” by Seiji Kojima,
reports on the recent progress of vibrational spectroscopy using THz time-domain
spectroscopy, THz time-domain spectroscopic ellipsometry, and far-infrared spec-
troscopy in advanced materials science on glassy and crystalline pharmaceuticals,
ferroelectrics, and polar metallic materials. Chapter 3, “Systematic Characterization
of High-Dielectric Constant Glass Materials Using THz-TDS Technique” by Osamu
Wada, Doddoji Ramachari, Chan-Shan Yang, Takashi Uchino and Ci-Ling Pan,
presents a study of oxyfluorosilicate (OFS) glasses by THz time-domain spectroscopy.
High values of the dielectric constant (8-13) and low losses (6-9/cm) were found;

a unified single oscillator-based model is used to explain the physical origin of the
dielectric constant enhancement.

The second section, “2D Materials for Terahertz Technology”, includes two chap-

ters. Chapter 4, “Two-Dimensional Materials for Terahertz Emission” by Abdullah
Alharbi, Naif Alshamrani, Hadba Hussain, Mohammed Alhamdan and Salman
Alfihed, focuses on 2D material-based emitters and discusses the physical principle of
photoconductive THz emitters, the materials’ properties, and the research trends in
the fabrication and characterization of THz sources based on 2D materials. Chapter 5,
“Graphene-Based Plasmonic Terahertz Laser Transistors” by Taiichi Otsuji, presents
recent advances in the research of graphene-based plasmonic THz laser transistors.
Single-mode THz emission as well as broadband THz amplified spontaneous emission
from graphene-channel field-effect transistor (GFET) laser chips is theoretically and
experimentally demonstrated. To improve the laser performance, the use of graphene
Dirac plasmons (GDPs) is proposed and experimental results clearly demonstrate
room-temperature amplification of stimulated emission of THzs radiation.

The third section, “Biology and Terahertz Radiation” includes the final chapter.
Chapter 6, “Introduction to the Biological Effects of Terahertz Radiation” by Robin-
Cristian Bucur-Portase, examines how THz radiation affects biological organisms
via thermal and non-thermal effects ranging from modifications brought to protein
activity to epigenetic changes that lead to altered metabolism or reproduction.

The chapter discusses THz ability to enhance actin polymerization and alter gene
expression.

Yahya M. Meziani and Jesus E. Velaizquez-Pérez
Department of Applied Physics,

University of Salamanca,

Salamanca, Spain

XIvV
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Chapter 1

On-Chip Sub-Diffraction THz
Spectroscopy of Materials and
Liquids

Randy M. Sterbentz and Joshua O. Island

Abstract

This chapter summarizes the trends in terahertz measurements on the surface
of rigid and flexible substrates. It focuses on research incorporating fast
photoconductive switches to generate and detect on-chip THz pulses using a
femtosecond laser. The chapter aims to review progress toward the study of
picosecond dynamics and THz spectroscopy of materials and liquids. We
emphasize general sub-diffraction techniques for THz spectroscopy, transmission line
and waveguide design considerations, time-domain measurements for studies of
material dynamics, and provide a survey of recent research on the THz spectroscopy
of materials and liquids on-chip. We conclude with an outlook on the field and
highlight promising new directions. This chapter is meant to be an introduction and a
general guide to this emerging field for new researchers interested in on-chip THz
studies.

Keywords: on-chip, terahertz, spectroscopy, materials, liquids

1. Introduction

Terahertz (THz) time-domain spectroscopy has led to a deeper understanding of
the properties of matter. Developed from early measurements of the optical switching
of silicon [1, 2], generation and detection of free-space THz pulses in the late 1980s
[3-5] gave way to a new spectroscopic approach for fundamental science [6]. With
both amplitude and phase sensitivity, the technique allows direct extraction of the
complex-valued index of refraction. The THz spectrum covers a window of energies
(and timescales) that host rich phenomena in solids including: important carrier
dynamics [7, 8], charge ordering [9], gapped excitations in superconductors [8, 10],
magnetic excitations and dynamics [11], and energy quantization in the quantum Hall
effect [12-14].

THz radiation has a number of appealing properties for biomedical sciences as well
[15-19]. The non-ionizing and non-destructive nature of the radiation makes it par-
ticularly promising for non-invasive, in vivo imaging and cancer detection [20-22].
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The time resolution of time-domain measurements opens the door to studying
important hydration dynamics in solvated biomolecules and chemical reactions at the
picosecond timescale [23]. Moreover, the capacity of this frequency of radiation to
resonantly excite intra- and inter-molecular oscillations presents a unique advantage
in the detection of low-concentration biomolecules. Highlighting a few notable recent
examples, Cheon et al. showed that methylated DNA presents a resonant excitation at
1.6 THz and the degree of methylation can be quantified by the amplitude of the
absorption peak [24]. Niessen et al. have reported clear resonant features of lysozyme,
E. coli DHFR, and RNA G-quadruplex [25].

While the majority of research involving THz spectroscopy has been done using
free-space radiation, there is a growing interest in probing samples smaller than the
diffraction limit on the surface of a chip. The diffraction limit puts a fundamental
restriction on the smallest size of a probed sample at roughly the half-wavelength
(4/2) [26, 27]. Since THz radiation has wavelengths on the order of a millimeter, this
limit impedes THz spectroscopy of microscopic samples such as high-quality exfoli-
ated two-dimensional (2D) flakes with lateral dimensions on the order of tens of
microns. Two-dimensional materials have enjoyed fantastic appeal in material and
applied sciences since the exfoliation and isolation of a single layer of carbon atoms
[28]. The recent observation of unconventional superconductivity in two layers of
graphene precisely rotated by 1.1 degrees [29, 30] has reinvigorated investigations of
correlated phenomena in these heterostructures. Near-field techniques have been
developed to overcome the diffraction limit using apertures and sharp metal tips, but
another promising direction is the use of on-chip waveguides and transmission lines to
perform THz measurements on micrometer samples.

Sub-diffraction techniques have also revolutionized biotechnology. The zero mode
waveguide presents a canonical example, now allowing researchers to perform single-
molecule measurements at biologically relevant concentrations all at exceedingly
small sample sizes [31, 32]. This is generally achieved by reducing the observation
space to a sub-diffraction aperture of zeptoliter volume, allowing rapid and parallel
measurements of single molecules at micromolar concentrations [33]. Researchers are
actively trying to extend sub-diffraction techniques to the terahertz region of the
electromagnetic spectrum for fingerprint analysis of bioliquids. This is challenging as
water leads to strong attenuation of THz signals. For the same reason that THz
radiation is appealing for identifying biomolecules, water molecules themselves pre-
sent strong resonant absorptions. These absorptions mask the underlying fingerprints
of the biomolecules present in a liquid sample. In Cheon et al., measurements of
methylated DNA are performed at 253 K (—20°C) in order to freeze liquid water and
reduce background absorption [24]. In Niessen et al. paraffin oil is used to maintain
protein hydration in place of water [25]. Confining small amounts of bioliquids in
microfluidic cells on the surface of on-chip THz spectrometers allows a reduction of
the interaction volume between the probing field and the target sample and may
provide avenues to diagnostic devices.

This chapter is organized into seven sections including this introduction. Section 2
provides a survey of the historical developments in sub-diffraction techniques for THz
measurements. Section 3 presents waveguide and transmission line design consider-
ations for on-chip measurements. Section 4 surveys research on time-domain mea-
surements for studies of dynamics in material systems. Section 5 reviews research on
THz spectroscopy on-chip and examples of spectroscopy of materials. Section 6
reviews research on THz spectroscopy of liquids. Finally, Section 7 concludes the
chapter and provides an outlook on the field.
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2. Historical summary of sub-diffraction techniques

Sub-diffraction techniques have been successfully used in THz imaging and
microscopy, whereas sub-diffraction has proven to be more challenging [34]. Many
interesting physical systems have geometries smaller than the diffraction limit: a scale
less than half the wavelength of radiation where light does not interact efficiently with
a material. This limit for THz radiation is on the order of 100 pm. In order to probe
materials below the diffraction limit, several techniques have been developed which
can be grouped into two general areas: apertures and sharp metal tips. See Figure 1 for
simple model representations of these two approaches.

Apertures form the earliest examples of sub-diffraction imaging and the idea dates
back to suggestions by Synge in 1928 [37]. Aperture techniques for THz radiation were
experimentally realized as early as 1993 when Merz et al. displayed an increased
resolution of 1/2 [38]. Researchers have continued to improve signal resolution
[39-43], up to a recent publication by Kawano, et al. where they demonstrated a 9 pm
resolution using an aperture on a gallium arsenide-aluminum gallium arsenide (GaAs/
AlGaAs) substrate [35]. Figure 1(a-b) display their device. The THz radiation is
enhanced by the near-field probe and detected using the buried 2D electron gas
(2DEG), as shown schematically in Figure 1(b). The aperture approach is limited by
the cut-off effect: as the aperture becomes smaller, and the resolution better, the
transmitted signal is reduced and the signal-to-noise ratio (SNR) ultimately suffers
[44, 45]. As an inconvenient technicality, the detector must be exceedingly close to
the aperture to prevent signal loss from quick divergence of the radiation through the
aperture.

a

Apertu re
R
Ry
\ / o pum
Near-field probe
b THz wave
‘/ Aperture
:#:: Near-field probe
60 nm 2DEG (detector)
GaAs substrate
Figure 1.

Sub-diffraction terahertz imaging and spectroscopy techniques. (a) Aperture-based techniques limit the probing
radiation to a small aperture, thereby increasing the resolution. This is a recent example from Kawano et al.
showing an optical image of an aperture on the surface of a GaAs substrate. (b) Model schematic of the aperture
device and principle of operation. The THz radiation is enhanced at the near-field probe and detected with the
buried 2DEG. Panels (a) and (b) have been adapted from ref. [35]. (¢) Near-field imaging and spectroscopy with
a sharp metal tip. This is an example from Moon et al. showing the principle of operation. THz radiation is
scattered off the metal tip and detected. Panel (c) has been adapted from vef. [36].
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A second approach involves the use of a metal tip that enhances the probing field
through near-field, plasmonic effects [46-49]. This was demonstrated in 1985 by
Wessel using infrared radiation [46] and subsequently investigated with THz radia-
tion [36, 47-49]. An example of this technique is shown in Figure 1(c). The confine-
ment at the apex of the metal tip produces strongly enhanced fields and sub-
diffraction radiation. The increased resolution is comparable to the tip diameter (tens
of nanometers). This technique has enjoyed recent interest in the imaging of 2D mate-
rials at THz frequencies [50, 51]. The technique has a few drawbacks. One, a probing
field is required which may also perturb the sample under study and, two, the tip itself
can lead to unwanted tip-sample interactions. Moreover, most of the scattered signal
from the sample surface is background signal and the weak tip enhanced radiation
requires long measurement times. Ribbek et al. have reported detection of the near-field
part of the scattered signal with an integration time of 19 mins for a scan delay of 7.35 ps
(amounting to a frequency resolution of 0.14 THz) [52].

Lastly, on-chip waveguides and transmission lines can be used to confine sub-
diffraction radiation [53-56]. To perform spectroscopy, photoconductive switches can
be fabricated near or within the on-chip circuit to generate and sample single cycle
pulses using a femtosecond laser. This measurement scheme is similar to the early
studies by Auston et al. that were the basis of free-space spectroscopy but that were
abandoned due to pulse attenuation from lossy substrates [2]. With careful design,
waveguides and transmission lines can be fabricated to achieve reflection-free spec-
troscopy resulting in long time-domain scans and high frequency resolution.

3. Circuit design considerations

Ultrafast pulse generation and readout on-chip have been accomplished using a
number of transmission line and waveguide designs. In the earliest studies from
Auston and colleagues, the chips were fabricated with microstrip lines on high-
resistivity silicon [1, 57, 58]. Following this, two and three-arm coplanar transmission
lines were investigated as well as coplanar waveguides [59-66]. More recently, single
conductor waveguides (Goubau lines) have been used to route THz radiation and
single pulses on chip [67-71]. In most cases, the circuits have been fabricated using
conventional metals, but superconductors have also been used [72].

An overview of these different designs is shown in Figure 2. Figure 2(a) shows the
original design by Auston [1]. The geometry consists of a continuous ground plane on
the back of a silicon substrate and a hundreds-of-microns wide stripline on the surface
of the chip. Auston used this design to demonstrate ultrafast (picosecond) switching of
electrical signals on-chip with the aid of optical laser pulses to electrically open and
close microstrip gaps. Shortly after this, Ketchen et al. measured picosecond pulses in a
three arm transmission line [59]. A schematic of this design is shown in Figure 2(b).
Aluminum lines (5 microns wide) were patterned using standard photolithographic
techniques on top of a silicon-on-sapphire wafer. The silicon was subsequently
radiation-damaged to produce short (less than 1 ps) carrier lifetimes required for pulse
generation and detection with a femtosecond (80 fs) laser. Using this design, the
authors were able to change the relative distance between the locations of the pulse
generation and detection to measure pulse dispersion. They found that the pulse width
increased roughly 1 ps for a propagation length of 8 mm. Figure 2(c) shows an example
of a coplanar waveguide design studied in ref. [70]. Here, a ground plane surrounds a
center conductor and electrical lines for connections to the photoconductive switches.
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" Microstrip Transmission Line c Coplanar Waveguide
+V
N@WM l
GROUND PLANE SILICON SUBSTRATE
b Coplanar Transmission Line
Probe arms
d Goubau Waveguide
Figure 2.

Various transmission line and waveguide designs for on-chip THz studies. (a) An example of a micvostrip line design.
This schematic shows a side view of the device. A single conductor (hundveds of microns wide) is photolithographically
patterned on top of the silicon substrate. The back side is coated with metal to function as a ground plane. This panel has
been adapted from vef. [1]. (b) An example of a coplanar transmission line design. Two grounded lines surround a
center conductor. Readout (sampling) is accomplished with a fourth electrical line at the bottom. This panel has been
adapted from vef. [59]. (c) An example of a coplanar waveguide design. A center conductor is surrounded by ground
plane patches and readout is performed with additional electrical lines (labeled probe arms). This panel has been
adapted from ref. [66]. (d) An example of a Goubau (single conductor) waveguide. A single metallic strip connects two
sides of the device used for pulse generation and readout. It also includes a stub filter along the transmission line of length
tto create a band-stop filter. This panel has been adapted from ref. [70].

The circuit is created using a photolithographically defined mask and deposition of
titanium (10 nm) and gold (200 nm) metals. The circuit is patterned on a gallium
arsenide substrate with low temperature grown gallium arsenide (LT-GaAs) of 2
microns thickness used as photoconductive switches. The last example is a single
conductor Goubau line as shown in Figure 2(d) from ref. [70]. Here, the single con-
ductor from a coplanar design, such as that shown in Figure 2(c), is extended across
the chip without an adjacent ground plane. Dazhang et al. fabricated this structure on
top of a quartz substrate using LT-GaAs as photonconductive switches.

All of these designs, in principle, can accommodate a microfluidic cell placed on
top of the chip to hold small amounts of bioliquids for study. Several groups have
incorporated such cells for studies of liquid analytes [73-81].

There are a few particularly attractive features of using these types of circuits
fabricated on-chip. Photolithographically-defined electrodes allow control over where
the radiation is routed. This includes fabricating various bends and branches to guide
and even split the radiation along different paths [82]. Moreover, waveguide modes
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can be selectively excited. Wu et al. has shown that the dominant modes in a coplanar
waveguide, slotline and coplanar modes, can be selectively excited using two photo-
conductive switches and a defocused laser spot [65]. This is advantageous because the
field orientations for the two modes are different and one may couple better to a
material or bioliquid under study. This was exactly the case in Wu et al.s study as they
found that the coplanar mode coupled better to their sample than the slotline mode.
Follow up full wave modeling supported this experimental result, finding that
decoupling the gate line from the ground plane better coupled the waveguide modes
to the plasmon modes [83]. In such a way, the general electric field orientation can be
controlled with careful choice of circuit design. For example, the coplanar transmis-
sion line design predominantly displays fields horizontal to the chip surface for mate-
rials placed between the lines. The Goubau line presents a vertical electric field for
materials placed on top of the conductor. In this way, a preferential direction of the
electric field excitation can be chosen.

As can be readily surmised, attenuation and pulse dispersion become significant
factors in on-chip studies. As opposed to free space measurements, the pulsed radia-
tion on-chip travels through lossy media. There are three considerations to improve
the bandwidth for on-chip measurements. The first and most important is by judi-
cious choice of a low loss substrate. Several materials have been investigated as low
loss THz substrates and windows including sapphire, quartz, polyethylene, picarin,
polytetrafluoroethylene (PTFE), and polyethylene terephthalate (PET) [63, 84-88].
On-chip bandwidths greater than 2 THz have been realized using picarin (Tsurupica)
[63]. Another method to improve bandwidth is by thinning the substrate so the
effective permittivity is lowered [89, 90]. Picarin may not support aggresive thinning
(<100 pm) required for appreciable improvement but quartz is a promising alterna-
tive [89, 90]. The last method is to optimize the pulse generation and detection. The
generated electric field of the THz pulse is proportional to the transient photocurrent
density in the semiconducting junction [91, 92],

o w, om._ v, dp
Ermoc= =e(n———+v,—t+p—L+0v,= |, 1
THZO(at e(nat+vnat +p8t+vpdt ()

where ] is the photocurrent density, » and p are the respective electron and hole
carrier densities, and v, and v, are the respective electron and hole average velocity.
The rate of change of the densities is related to the relaxation time of the semicon-
ducting material (z,,) and the pulse width of the excitation laser (At),

dn n 3
d—t——a—&—noexp—(t/At) , (@)

where 7, is the carrier density at t = 0 s. The same equation applies for the hole
carrier density. The rate of change of the velocity is proportional to the applied electric
field (E) (the voltage bias applied to the junction) through,

dvn,p _ _Un_,p i qn,p E, (3)
dt T, My

where 7, is the momentum relaxation rate and m,,, is the effective mass for
electrons and holes respectively. Summarizing these relations, there are two aspects
that will improve signal and bandwidth. The first is by using a material with a fast
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carrier relaxation rate and the second is utilizing a laser with a short pulse width.
Radiation damaged silicon has a relaxation time of 560 fs [93] but shorter relaxation
rates have been observed in LT-GaAs (~300 fs) [94].

4. Utrafast pulse measurements

Besides spectroscopy, ultrafast pulse measurements can be used to study carrier
relaxation times, magnetization dynamics, and hydration processes in the time
domain. Strictly speaking, these include studies that are not interested in the fre-
quency domain and focus solely on the time-domain data.

Some of the earliest examples harness on-chip pulses to study ballistic transport in
clean one-dimensional and two-dimensional systems [95, 96]. Shaner and Lyon studied
two-dimensional electron gas (AlGaAs/GaAs) structures connected to an on-chip
coplanar waveguide [95]. From their THz time-domain data, shown in Figure 3(a),
resonant oscillations appear for positive magnetic fields after a 50 ps time delay.

Figure 3(b) displays their full data, showing the evolution of collector voltage as a
function of magnetic field and time delay. The ballistic signal is distinguished by a stable
signal over time (horizontal streaks), and signatures of magnetoplasmon oscillations in
the 2DEG are evident by the weak signal modulation with magnetic field. Zhong et al.
performed a similar experiment with carbon nanotubes connected to an on-chip copla-
nar transmission line [96]. They also observed ballistic carrier resonances in their time-
domain data, Figure 3(c), that change with the length (L,) of the ballistic channel.

The largest category of these investigations includes emission studies of various
materials including GaAs [64], InAs nanowires [98], topological insulators [99-101],
silicon [102], graphene [71, 93, 97, 103, 104], molybdenum disulfide [105], carbon
nanotubes [106], GaAs nanowires [107], and field emission in nanojunctions [108].
Hunter et al. demonstrated emission of picosecond pulses from graphene flakes
attached to an on-chip Goubau waveguide, Figure 3(d) [71]. The amplitude of the
pulse could be linearly controlled with the applied bias to the graphene junction (inset
of Figure 3(d)). Using circularly polarized light, Mclver et al. showed that helicity-
dependent picosecond photocurrents could be measured in graphene junctions using
on-chip Goubau waveguides. Figure 3(e) displays the data showing that the measured
photocurrent changes sign when the bias direction is changed across the graphene.

Ultrafast on-chip pulses have also been used to study picosecond switching
dynamics in magnets and strained semiconductors [109-116]. Of particular note,
Gerrits et al. studied magnetization reversal in permalloy films (NiFe) [109]. They
showed that by using two photoconductive switches to shape ultrafast pulses to excite
the material, they could suppress unwanted ringing effects with a second stop pulse.
Yang et al., using a coplanar transmission line, displayed magnetization reversal in
GdFeCo films with 10 ps pulses [113]. The mechanism proposed for the switching is
heating caused by the electrical pulses. Interestingly, only 4 {] of energy is required to
switch a 20 nm® magnetic cell.

5. THz spectroscopy on-chip

Using two photonconductive switches fabricated close to a transmission line or
waveguide on-chip, it is possible to perform spectroscopy from the time-domain data
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Figure 3.

Time-domain studies of vavious materials. (a) Ballistic carrier transport in a two-dimensional electron gas
(2DEG). The collector voltage (y-axis) is plotted as a function of perpendicular magnetic field for different time
delays between the generation switch and collector. Oscillations corresponding to ballistic transport can be seen for
delays of 50 ps and greater. (b) Collector voltage plotted as a function of magnetic field and time delay. Horizontal
streaks in the data correspond to ballistic transport and weaker oscillations are from magnetoplasmon excitations.
Panels (a) and (b) have been adapted from vef. [95]. (c) Drain current of a carbon nanotube device as a function
of time delay between two on-chip THz pulses. Dips in the data correspond to ballistic carrier transport. The curves
from top to bottom correspond to ballistic channels with lengths of Ly = 1.5 mm (black), 3.2 mm (red) and

4.9 mm (green). This panel has been adapted from ref. [96]. (d) Readout current as a function of time delay
between generation and detection pulses for a graphene junction emission switch. The various curves correspond to
different voltage biases applied to the graphene flake. This panel has been adapted from vef. [71]. (e) Helicity-
dependent photocurrent as a function of time delay between excitation pulse and readout pulse. The two curves
show that the photocurrent changes sign for different orientations of the applied voltage bias, as expected for
anomalous hall curvents. This panel has been adapted from ref. [97].

using either pulsed lasers or continuous wave optical beating. Several research groups
have investigated circuit elements that lead to resonant features in the THz spectrum.
For example, Dazhang et al. have used a Goubau waveguide with a stub line, shown in
Figure 2(d), to create a band-stop filter [70]. Figure 4(a) displays their data showing
the measured time-domain scan in the inset and the Fourier transformed data in the
main panel. Band-stop response can be seen at the location of the arrows centered at
250 GHz (fundamental mode) and 780 GHz (third harmonic).

Very recently, Yoshioka et al. have demonstrated on-chip spectroscopy using
continuous wave THz radiation created from the optical beating of two near-IR lasers
[117]. This technique offers greater frequency resolution (10 MGz vs. 10 Ghz) when
compared with the time-domain technique. Figure 4(b) displays data from their
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Figure 4.

Examples of on-chip THz spectroscopy. (a) Transmission spectra of a Goubau waveguide device with a
band-stop filter (a stub line fabricated on the Goubau line shown in Figure 2(d)). The dips with arrows
indicate the band stop frequencies of 250 GHz (fundamental mode) and 780 GHz (third harmonic). The

inset shows the time domain scan used to form the spectra in the main panel from a Fourier transform. This panel
has been adapted from vef. [70]. (b) Amplitude spectra obtained for a coplanar waveguide device with and
without a DC block (discontinuity in the central conductor). The inset shows the raw curvent measurement from
which the amplitude spectra is calculated. This panel has been adapted from vef. [117]. (c) Time-domain data at
different temperatures of a coplanar device with a 2DEG (AlGaAg/GaAs) mesa integrated within the centerline
conductor. (d) Amplitude spectra of the Fourier transformed time-domain data in panel (c). Resonant peaks
correspond to plasmon excitations in the gated (132 GHz and 264 GHz) and ungated (311 GHz) regions. Panels
(c) and (d) have been adapted from vef. [118]. (e) Real part of the complex conductivity of a graphene
heterostructure integrated within a coplanar transmission line device. The colored curves correspond to different
Fermi energies labeled in the legend in panel (f). The solid lines ave fits to the Drude model. The inset shows the
time-domain data for two different Fermi enevgies. (f) The imaginary part of the complex conductivity of a
graphene heterostructure. The solid lines are fits to the Drude model. Panels (e) and (f) have been adapted from

ref. [119].
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work. They investigated devices with and without a DC block (a gap in the centerline
conductor) in a coplanar waveguide structure. The data (red) measured with a DC
block show dips in the spectra due to interference of even and odd modes of the
waveguide. The DC block enhances the bandwidth spectrometer and reduces
unwanted DC leakage currents.

On-chip THz spectrometers have also been used to study plasmon excitations in
clean 2DEG systems [118, 120, 121]. Wu et al. showed that plasmon excitations in an
etched mesa of AlGaAs/GaAs could be electrically gated [118]. Figure 4(c) shows
their time-domain data. Very prominent oscillations with different periods can be
seen. The Fourier transform of the time-domain data is shown in Figure 4(d). Three
peaks are produced at frequencies of 132, 264, and 311 GHz. The lower frequencies
coincide with the predicted plasmon frequency of the first and second mode for the
gated region of the device. The third resonance agrees with the plasmon frequency
expected for the ungated region.

One of the qualities of the on-chip system, as highlighted in the introduction, is the
ability to probe materials below the diffraction limit. Clean exfoliated 2D materials are
typically tens of microns on a side and are well-suited for investigation with on-chip
spectroscopy. Gallagher et al. have probed the THz properties of a graphene
heterostructure using a coplanar transmission line and LT-GaAs photoconductive
switches [119]. They investigated the predicted quantum critical characteristics of
graphene at low doping and its hydrodynamic properties at higher doping. The inset
of Figure 4(e) displays their time-domain data at two different dopings. The main
panels of Figure 4(e-f) show the optical conductivity (real and imaginary, respec-
tively) calculated from the Fourier transform of the time-domain data for various
Fermi energies corresponding to the legend shown in Figure 4(f). The data follow the

-1

Drude formula closely, 6 = Dy, (71 — ia))f1 with the known Drude weight of

graphene, D, = 2(e/ #)’kpT, log (Zcosh (m(%BTe)fl)) and 7 the only fitting parame-

ter. This data shows the Fermi liquid character of graphene at finite doping. The
authors go on to extract the scattering rates for charge neutral graphene, finding
support for quantum critical behavior in their linear dependence with temperature.

6. THz spectroscopy of liquids

In addition to solids, several research groups have incorporated reservoirs and
microfluidic channels to perform spectroscopy on liquids. This could open up an
avenue toward diagnostic devices for the detection of low-concentration biomolecules
or investigations of chemical reactions in-situ.

Probably the most straightforward approach to investigating liquids is by fabricat-
ing a microfluidic channel or reservoir on the surface of the chip [73-81].
Swithenbank et al. has shown that a polydimethylsiloxane (PDMS) molded
microfluidic channel can be plasma-bonded to the surface of a Goubau waveguide
chip [74]. Figure 5(a) shows a model schematic of the device. A thin (6 pm) layer of
benzocyclobutene is spun on the chip before the PDMS mold to electrically isolate the
Goubau line from the liquid channel. Using this device, they measured the complex
permittivity of several liquids in the THz regime including methanol, ethanol,
propan-1-ol, butan-1-ol, hexan-1-ol, octan-1-ol, and mixtures of propan-2-o0l/DI-H20.
Figure 5(b) displays measurements on mixtures of propan-2-ol/DI-H20 for different
concentrations of DI-H20 in 10% increments from red (0%) to purple (100%). The
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Figure 5.

Examples of on-chip THz spectroscopy of liquids. (a) Model schematic of an on-chip spectrometer for
measurements of liquids. A PDMS mold is plasma bonded to the surface of a Goubau line device. (b)

Complex permittivity measuved for various mixtures of propan-2-ol/DI-H20 for different concentrations of
DI-H20 in 10% increments from red (0%) to purple (100%). Panels (a) and (b) have been adapted from

ref. [74]. (¢) Model schematic of an on-chip spectrometer for measurements of liquids. A silicon microfluidic
chanmel is fabricated on the surface of a Goubau line device. (d) Transmission (S21) measurements of various
concentrations of BSA in DI water. Panels (c) and (d) have been adapted from vef. [75]. (e) Model schematic of
an on-chip spectrometer for measurements of liquids. A veservoir made from SU-8 photoresist is created on the
surface of a chip with a microstrip line. (f) THz pulse delay as a function of sample volumes of single-stranded (ss)
and double-stranded DNA. The solid lines are fits to an exponential model. Panels (e) and (f) have been adapted
from vef. [80].

complex permittivity can be seen to gradually increase with the percentage of
DI-H20, as expected. One can also appreciate from the data that the bandwidth of the
measurement decreases as the mixture becomes more absorbing. This highlights a
design parameter of the spectrometer that is important. If greater bandwidth for a
relatively absorbing substance is required, one can reduce the interaction volume
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between the probing field and the measured liquid by shrinking the volume of the
microfluidic channel.

Another example of this sort of device is given by Laurette et al. [75]. They also
used a Goubau line device but instead of using photoconductive switches pumped
with femtosecond lasers, they connected the chip to a high-frequency vector
network analyzer with frequency bands of 0-110 GHz and 140-220 GHz. They
measured mixtures of bovine Serum Albumin (BSA) in DI water and lysozyme in
DI water at different concentrations to study hydration shell structure. Figure 5(c)
shows a model schematic of the device consisting of a Goubau line fabricated on a
pyrex borosilicate glass substrate. The microfluidic channel is created by deep
reactive ion etching of silicon that is bonded to the glass substrate [81]. Figure 5(d)
shows the measured transmission (S21) for various concentrations of BSA
powders. The transmission amplitude is seen to increase with BSA concentration.
They found a lower detectable sensitivity limit of the system of 5 mg/mL? for protein
spectroscopy.

Kasai et al. have demonstrated THz pulse measurements of DNA solutions using an
on-chip device consisting of a microstrip line fabricated on a silicon substrate, Fig-
ure 5(e) [80]. A sample reservoir with a diameter of 400 pm and a height of 6.5 pm
was created from SU-8 photoresist. Figure 5(f) displays their results showing that the
pulse delay tracks with the amount of single-stranded (ss) and double-stranded (ds)
DNA samples. The pulse’s propagation is exponentially delayed with increased sample
volume and follows the expected trend of ¢ = #,,;[1 — exp(—d/V)], where V is the
sample volume, and t,,; and d are fitting parameters. The distinct difference between
the single-stranded and double-stranded results paves the way for a diagnostic device
for biomedical sciences.

Finally, highlighting the versatility of on-chip spectroscopy, Russel et al. [122]
have presented measurements of various alcohols using a Goubau line fabricated on a
flexible polyimide substrate wrapped around a quartz capillary (3 mm diameter with
10 pm thick walls). Using this system they were able to measure the time-of-flight
permittivities [123] of various alcohols. The measurement only provided relative
approximations of the permittivities but the signal-to-noise ratio was found to be
better than that obtained from free-space measurements of the same alcohols. The
flexible substrate approach provides another degree-of-freedom in the design of on-
chip systems.

7. Conclusions

This chapter has reviewed the history and common applications of on-chip THz
time-domain spectroscopy. Free-space THz methods struggle to probe samples
smaller than the diffraction limit. Still, several techniques have been developed to
overcome this limit using apertures, sharp metal tips, and on-chip waveguides. Com-
mon designs include coplanar transmission lines and Goubau waveguides. Using pho-
tolithography and metallization, the circuit design has many freedoms, useful for
signal routing, filtering, and even selecting the propagation mode of the electric field.

Using this technique, researchers have investigated electronic properties of mate-
rials in both the time and frequency domain. Time-domain data can show the evolu-
tion of a system with picosecond resolution. This has been used to show rapid
phenomena, such as magnetoplasmon oscillations in GaAs/AlGaAs 2DEGs, ballistic
carrier resonances in carbon nanotubes, and emission and relaxation characteristics of
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a variety of photoconductive materials impinged by a femtosecond laser pulse.
Frequency-domain data is calculated using a simple discrete Fourier transform of the
time domain. This absorption spectra have been used to characterize on-chip band
filters, assess the efficacy of DC blocks in the transmission line, and directly measure
plasmon excitation frequencies in gated GaAs/AlGaAs. Additionally, the frequency-
dependent complex conductivity of materials can be extracted from the THz spectra,
enabling deep analysis of the scattering rates of electronic systems.

The modularity of chips allows microscopic liquid samples to be probed as well.
Various designs for microfluidic cells have been developed, including reservoirs made
of PDMS and photoresist, and channels etched into a silicon substrate, each fabricated
atop a transmission line. These developments are especially useful for biomedical
applications, as minimal sample size is necessary for comprehensive results. Studies
include characterization of frequency bandwidth with various volumes of sample,
determination of sensitivity to small samples of protein, and distinction between
single-stranded and double-stranded DNA samples. The Goubau line design is also
capable of fitting on a flexible substrate, demonstrating its versatility.

Terahertz spectroscopy has great potential in probing a realm of physics
inaccessible by other techniques and applying it on a small-footprint chip opens up
many interesting directions for future research. Spectroscopy on nanomaterials is
one clear avenue for further development. THz spectral information could lead to a
better understanding of complex ground states in 2D materials and
heterostructures. One example is the recently discovered twisted heterostructures
that present superconductivity such as twisted bilayer graphene. On-chip THz
spectroscopy offers a method to probe these types of samples that are too small for
free space measurements. The transmission spectra acquired could provide
detailed tracking of spectral weight and sensitive investigation of the onset of
interactions and correlations in these systems. Moreover, using on-chip spectroscopy
with an optical pump would enable studies of quasiparticle dynamics and information
on possible pairing mechanisms that are not well understood in twisted
heterostructures.

Given the progress so far, another clear direction of development is the study of
bioliquid samples on-chip. Many biomolecular motions present vibrational and rota-
tional excitations in the THz spectrum. These excitations can serve as spectral finger-
prints of the species for in-vitro diagnosis. Special attention will be needed on signal
attenuation from water but careful adjustment of the interaction volume may lead to
the detection of very low-concentration biomolecules in liquids. With advances in
compact THz sources and detectors, new diagnostic devices with better sensitivity
may be developed.
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Chapter 2

Terahertz Spectroscopy in
Advanced Materials Science

Seiji Kojima

Abstract

Materials science is the interdisciplinary field to study material properties and their
functionality on the basis of physics, chemistry, metallurgy, and mineralogy. Vibra-
tional spectroscopy such as infrared spectroscopy and Raman spectroscopy is a pow-
erful tool to investigate characteristic atomic vibrations. Especially, in the terahertz
frequency range, vibrational modes are related to collective atomic vibrations
reflecting interatomic/molecular interactions, characteristic units, and medium range
order. Recent progress of terahertz vibrational spectroscopy using terahertz-time-
domain spectroscopy, terahertz time-domain spectroscopic ellipsometry, and far-
infrared spectroscopy is reviewed in advanced materials science on glassy and crys-
talline pharmaceuticals, ferroelectrics, and polar metallic materials. Using the
terahertz spectra, phonons, polaritons, and conduction electrons of these materials are
discussed.

Keywords: terahertz, infrared, spectroscopy, ferroelectrics, pharmaceuticals,
phonon, polariton

1. Introduction

In materials science, vibrational spectroscopy is the important and valuable tool to
investigate the dynamical properties related to atomic bonds, interactions, and struc-
tures. Infrared (IR) and Raman scattering spectroscopies have been extensively used
to study various elementary excitations such as phonon, polariton, magnon, exciton,
plasmon, boson peak, etc. The most of IR studies reported the frequency-dependent
absorbance or transmittance, while the real and imaginary parts of dielectric constants
were not reported well. The coherent terahertz generation technique using a femto-
second pulse laser enables the unique determination of a complex dielectric constant,
and terahertz time domain spectroscopy has attracted much attention [1, 2].

The vibrational modes of a material are divided into two groups, namely internal
and external modes. The internal modes are related to the vibration of a molecule or a
structural unit, and its mode frequency is usually more than 6 THz. The external
modes are related to the vibration of more than two molecules or lattice vibration with
medium or long range order, and its mode frequency is usually less than 6 THz.
Therefore, the external modes have been studied by THz spectroscopy. In this chap-
ter, Recent progress of terahertz vibrational spectroscopy using THz-time-domain
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spectroscopy (THz-TDS) [3], THz time-domain spectroscopic ellipsometry (THz-
TDSE) [4], and far-infrared spectroscopy is reviewed in advanced materials science
on the following three kinds of materials. (1) Pharmaceuticals: studies of terahertz
vibrational spectroscopy on polymorphism of crystalline states and glassy states on
typical pharmaceuticals [5]. (2) Ferroelectric materials: studies of terahertz vibra-
tional spectroscopy on optical phonons, ferroelectric soft mode, and phonon-polariton
dispersion relation on typical ferroelectric crystals for optical application [6]. (3) Polar
metallic materials: studies of terahertz vibrational spectroscopy on the correlation
between polar lattice instability and free carrier electrons injected by heterovalent
doping to quantum paraelectrics [7].

2. Terahertz spectroscopy in advanced materials science

The structure of a crystal has translational symmetry and the X-ray diffraction
patterns of powdered crystals show many sharp peaks. While, glassy, amorphous, and
non-crystalline solids have the disordered structure with no translational symmetry
and the X-ray diffraction pattern consists of only diffuse peaks by the lack of three
dimensional periodicity. When the structure of a crystal has a center of symmetry or
centrosymmetric, the mutual exclusion principle holds between Raman and IR selec-
tion rules. Raman active modes are IR inactive, and IR active modes are Raman
inactive. Some vibrational modes are only Raman active, while other modes are only
IR active. Therefore, both infrared and Raman measurements are important. In con-
trast, the structures of non-centrosymmetric crystals, glassy or non-crystalline mate-
rials do not have a center of symmetry, and there is no mutual exclusion principle [2].

2.1 Pharmaceuticals

The most of pharmaceuticals have polymorphic and polyamorphic features origi-
nated from multi-basin structure in the energy landscape model. The energy of these
basins is nearly degenerate, and the inter-basin transition easily occurs by the change
of temperature, pressure, stress, and chemical conditions. The vibrational properties
in the THz frequency range are very sensitive to the difference between polymorphic
and polyamorphic states. Therefore, in the study of polymorphic and polyamorphic
natures in pharmaceuticals, the measurements of both THz-TDS and Raman scatter-
ing spectroscopy are important. These two spectroscopic methods have the compli-
mentary selection rules which give new insights into the detailed information on
dynamical and static properties related to crystalline and noncrystalline structures,
medium range order, and interatomic/intermolecular interactions [5].

THz transmission spectra were measured by the conventional transmission THz-
TDS system (Tochigi Nikon, RT-10,000), where the low temperature grown GaAs
photoconductive antennas were used for both the emitter and detector in the fre-
quency range from 0.2 to 4.0 THz. The Raman scattering spectra were measured in
the frequency range from 0.2 to 36 THz using a double-grating spectrometer with the
photon-counting system (Horiba-JY, U-1000). The imaginary part of Raman suscep-
tibility, x”(v), is extracted by the equation,

” I(v) 1

Z(V):W,”(V):W, (1)
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Here I(v) and n(v) are the scattering intensity and the Bose-Einstein factor,
respectively. I is a constant which depends on the experimental condition.

2.1.1 Vibrational properties of glassy and crystalline pharmaceuticals

Indapamide (Cy6H16CIN303S, IND) is 4-chloro-N-(2-methyl-2,3-dihydroindol-1-
yl)-3-sulfamoylbenzamide. On the treatment of hypertension, the commercially
available type IND exerts spasmolytic effects on blood vessels and reduces the blood
pressure. Its glass-forming tendency is relatively strong. IND undergoes a liquid-glass
transition at a glass transition temperature, T, = 376 K, which is relatively higher than
room temperature [8]. The unit cell of a crystalline phase of commercial type IND
contains four IND molecules (Z = 4). The crystal framework contains two types of
cavities. The cavity encapsulates water molecules in non-stoichiometric. Since the
water molecules are weakly bounded in these cavities, they easily come out and in
from the IND crystalline framework [9].

The thin plates of crystalline and glassy samples prepared by the melt-quench
method were measured by THz-TDS between 0.2 and 3.0 THz at room temperature
[10]. Figure 1a and b show the real and imaginary parts of the dielectric constants of
the commercial type glassy and crystalline states of IND. In the observed frequency
range, several sharp phonon peaks were observed in a crystalline sample, these modes
can be attributed to inter- or intra-molecular vibrational modes in a crystalline state.
However, no sharp phonon peak was observed in a glassy state and the broad response
reflects the distribution of bond lengths and bond angles in the random structure of a
glassy state.

For the comparison of the THz-TDS spectra with the Raman scattering spectra, the
imaginary parts of Raman susceptibility, x”(v), of crystalline and glassy states are
shown in Figure 2. As similar with the THz-TDS spectra, a crystalline sample shows
several sharp phonon peaks, while a glassy sample shows only broad response and no
sharp phonon peak. In a crystalline state, the discrepancy of the phonon peak fre-
quencies was clearly observed between £”(v) observed by THz-TDS in Figure 1b and
x”(v) observed by Raman scattering in Figure 2. The origin of the discrepancy is the
mutual exclusion principle between Raman and IR activities [11]. Consequently, it is
concluded that the point symmetry of the crystalline IND has a center of symmetry.
This result is consistent with the monoclinic crystal structure with the point group 2/
m determined by the X-ray diffraction experiment [12]. The existence of a center of
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Figure 1.

(a) Real and (b) imaginary parts of dielectric constant of crystalline and glassy indapamide.
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Figure 2.
Imaginary parts of Raman susceptibility of crystalline and glassy indapamide.

symmetry was also examined by THz-TDS and Raman spectroscopy in crystalline y-
form indometachine [11] and crystalline RS-ketoprofen [13].

In contrast, €”(v) and x”(v) spectra show very broad response and no sharp peak
below 3.0 THz in a glassy state. If the frequency range is extended to the IR region,
many internal modes can be observed. In a glassy glycerol, the temperature depen-
dence of the intermolecular hydrogen bond length was estimated from the frequency
of O-H stretching mode at about 105 THz [14].

2.1.2 Low-energy excitation in a glassy state

As the common nature of the low-energy dynamics of glassy, amorphous, and
noncrystalline materials, a broad and asymmetric peak at few THz has been observed
by Raman scattering, far-infrared spectroscopy, neutron and X-ray inelastic scattering
[15, 16]. It is called a boson peak and a thermal boson peak has been also observed as a
broad peak in the temperature dependence of C,,/T> curve at a few Kelvin, where C,, is
the heat capacity [17]. Both boson peaks are related to g(v) /V*, where g(v) is the
vibrational density of states (VDoS), g(v). The strong correlation between the boson
peak energy and the shear modulus has been reported [18]. The molecular dynamical
simulation reported that a boson peak is originated from the Ioffe-Regal limit of
transverse acoustic mode and its peak energy has a linear relation with the shear
modulus [19].

In the far-IR spectroscopy, a boson peak is observed by,

@KCIR (I/)g(—z) (2)
v v
Here, k(v) is the real part of a refractive index, and Cir (v) is the IR-vibration
coupling constant [20]. The boson peak was fitted by the following log-normal func-
tion under the assumption that the IR-vibration coupling constant does not depend on
frequency.

M) _ fyexp {_ [In <v/qu>12}_ )
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Figure 3.
Boson peaks observed by THz-TDS. (a) SiO, glass (vgp = 0.9 THz), (b) glassy indapamide (vgp = 0.4 THz) at
room temperature. Solid lines show fitted values by Eq. (2). Solid circles denote observed values.

Here I is a constant, vgp and ¢ are the boson peak frequency and boson peak
width, respectively. Figure 3a and b show boson peaks at room temperature
observed by THz-TDS on SiO, glass (vgp =~ 0.9 THz) [21] and glassy
indapamide (vgp = 0.4 THz) [10], respectively. The observation of boson peaks by
THz-TDS was reported in various glasses such as PMMA [22], indomethacin [11],
glucose [23], and lysozyme [24]. The study on boson peaks of glassy materials will
give new insights into the understanding of disordered materials with no translational
symmetry.

2.2 Quantum paraelectrics

The ABOj3-type perovskite oxides have been extensively used for potential
applications such as capacitor, ferroelectric random access memory, piezoelectric
actuator, ultrasonic transducer, pyroelectric sensor, and surface acoustic wave filter.
BaMO; (M = Ti, Zr) compounds are very important in pure and applied sciences [25].
Barium titanate, BaTiO; has been widely used as capacitor. BaTiO3 undergoes a ferro-
electric phase transition at 403 K from a prototypic cubic phase with the point group
m3m to the tetragonal phase with 4 mm, where 3 and m are three-fold rotation-
inversion axis and mirror plane, respectively. Its physical properties have been exten-
sively studied.

Barium zirconate, BaZrOj; has attracted much attention by a high-temperature
proton conductor [26] and a dielectric material for use in wireless communications
applications [27]. BaZrO3; does not undergo any phase transition down to 2 K [28]. Its
dielectric constant increases on cooling, while a ferroelectric instability is suppressed
by quantum fluctuations at very low temperatures. It is called quantum
paraelectricity. As quantum paraelectrics, SrTiO3, KTaO3, and CaTiO; are known. The
cubic perovskite phase has a center of symmetry with the point group m3m, and
infrared-active ferroelectrtic soft modes are Raman inactive. Although the low-
frequency infrared-active modes play a dominant role in ferroelectric instability, the
experimental study in the far-infrared spectroscopy has been not enough.

The real and imaginary parts of a dielectric constant of a BaZrOj; crystal was
measured between 8 and 300 K by the transmission of THz-TDS [29, 30]. In
Figure 4a, the peak of the imaginary part at 1.9 THz was observed at 8 K. The TO
mode frequency was determined by the fitting the imaginary part of a dielectric
constant £(v) using the following damped harmonic oscillator (DHO) model,
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Figure 4.
(a) Imaginary part of dielectric constant of a BaZrO; cvystal at 8 K. (b) Temperature dependence of the square of
the TO1 mode frequency. The solid line shows the fitted curve by the Barrett’s formula [29, 30].
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where &(c0), Agj, 1j, and I are the high-frequency limit of a dielectric constant,
oscillator strength, frequency and damping factor of j th oscillator mode, respectively.

The temperature dependence of the squared mode frequency of the lowest TO1
mode is shown in Figure 4b. The squared soft mode frequency v%, of a quantum
paraelectric obeys the following Barrett’s formula [31].

1/%0 =A [T:coth (%) — Tm] . (5)

Here, A, Ts, and Ty, are constant, saturation temperature, and classical Curie
temperature, respectively. The lowest frequency TO1 infrared-active phonon mode
exhibits a significant softening, while the quantum effects lead to saturation of the
soft mode frequency.

3. Phonon-polariton dispersion relation

The coupled excitation between photons and other elementary excitations is called
polariton [32, 33]. The remarkable frequency vs. wavevector dispersion relation of
polariton has attracted much attention in basic science to clarify the vibrational
dynamics of condensed matters such as phonons, excitons, and plasmons. Polar pho-
non modes, which are infrared active, couple to photons at frequencies and the mixed
excitation is called phonon-polariton. Phonon polaritons have been used for optical
applications such as a tunable Raman laser, tunable terahertz (THz) radiation source.
The dispersion relation of phonon-polariton has been extensively studied by infrared
spectroscopy, spontaneous, hyper Raman and stimulated Raman scattering
spectroscopy [34]. However, Raman inactive phonon-polariton cannot be measured
by spontaneous and stimulated Raman scattering spectroscopy. The phonon-polariton
of Raman inactive phonons can be measured only by Raman spectroscopy and
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hyper-Raman scattering spectroscopy. Therefore, the study of Raman inactive
polaritons has been insufficient.

According to Huang’s analysis [31], the dispersion relation of phonon polariton was
defined by the equation,

2
2k

e(k,v) = o (6)

where v, E, ¢, and e(z,v) are the polariton frequency, polariton wavenumber, light
velocity, and dielectric constant of a medium, respectively. Figure 5 shows the dis-
persion relation of phonon polariton on the existence of two infrared active optical
modes with the mode frequencies, vro; = 6.0 THz, 1101 = 6.9 THz, vro, = 19.8 THz,
and vio; = 24.9 THz. As the polariton wavenumber k tends to zero, the lower polariton
branch tends to v = ck/2n\/€(0), where £(0) is the lowest frequency limit of a dielec-
tric constant, while the middle and upper branches tend to LO1 mode frequency, vi01,
and LO2 mode frequency, v1 0y, respectively. When the polariton wavenumber k tends
to infinity, the lower and middle branches tend to TO1 mode frequency, vro;, and
TO2 mode frequency v = vy, respectively, while the upper branch tends to v = ck/
214/ €(e0), where g(o0) is the highest frequency limit of a dielectric constant.

In the observation of phonon-polariton by Raman scattering, the conservation law
of wavevectors holds,

+h (V) = ki(ui) — ka(vs)s @)

where k, k;, and k, are the wavevectors of polariton, incident light, and scattered
light, respectively. v, v;, and v, are the frequencies of polariton, incident light, and
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Figure 5.

Dispersion relation of phonon-polariton with two optical modes. The lines AB and AC denote v = ck/27\/€(0) and
v = ck/27\/€(o0), respectively. The dotted lines show the observable region of the forward Raman scattering with a
fixed scattering angle.
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scattered light, respectively. The polariton wavenumber & is given by the
wavenumbers of the incident light k;, scattered light k;, and the scattering angle 6
between them.

k* = ki? + kg — 2kikg cos 6. (8)

The dispersion relation of polariton is also determined by the forward Raman
scattering at very small scattering angles as shown in Figure 5. While, it is impossible
to measure the dispersion relation in the region, v > ck/2rn+/¢(0) by Raman scattering
[35]. In contrast, the measurement by infrared spectroscopy has no such restriction

—
and covers all area of v vs.k space.

3.1 Raman active phonon-polariton
3.1.1 Bismuth titanate

On the ferroelectric memories, bismuth layer-structure materials have currently
become important in the research and development of ferroelectric devices. These
compounds are also very important as the most suitable samples to study the mecha-
nism in ferroelectric layer-structures. Bismuth titanate, Bi,Ti30;, undergoes a ferro-
electric phase transition from a paraelectric tetragonal phase with the point group 4/
mmm to a ferroelectric monoclinic phase with the point group m at T¢ = 948 K, where
4 and m are four-fold rotation axis and mirror plane, respectively [36]. The ferroelec-
tric soft optic mode was observed by the Raman scattering. On heating from room
temperature, the lowest frequency mode at 0.84 THz with A’(x,z) symmetry softens
markedly and disappears above T [37].

In the determination of the dispersion relation of phonon-polariton by the trans-
mission measurement of THz-TDS, the wavenumber k(v) of phonon-polariton is
calculated using the phase delay ¢ as a function of the polariton frequency v by the
following equation,

¢ = {k(v) — 2nv/c}d, k(v) = 2nvn(v)/c, %)

where c, d, and #(v) are the light velocity, a thickness of a sample, and the real part
of a refractive index of a sample, respectively.

The anisotropy of polariton dispersion relations between A’(x,z) and A”(y) sym-
metry modes was also successfully determined using the ¢ plate simply by switching
the polarization direction of an incident beam from E||a to E||b, respectively [38]. The
observed polariton dispersion relations are consistently reproduced by the calculation
using the following Kurosawa’s formula (Figure 6).

2 N 2 _
ell) = ¥ :g(oo)H”go{i” (10)

Since the measured frequency is below 3.0 THz, we used the following approxi-
mation to fit the data:

2 2
c2k? 2 Vo —V

(27[1/)2 =)

—. (11)
1 I/ZTOj — 12
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Dispersion velations of (a) A’(x,z) symmetry and (b) A’(y) symmetry phonon-polaritons of a Bi,Ti;O,, crystal.

The values of these parameters are listed in Tables 1 and 2. The observed values of
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polariton frequency were well fitted by Eq. (11), because the anharmonicity is negli-
gible in a BisTi30;, crystal at room temperature.

3.1.2 Lithium niobate, LiNbO3

Lithium niobate, LiNbO3, has been used for many kinds of devices by their
excellent piezoelectric, pyroelectric, and nonlinear optical properties. LiNbO3 is a

colorless uniaxial crystal and undergoes a ferroelectric phase transition at a high Curie

temperature, Tc = 1210°C from paraelectric (R3¢ with three-fold rotation-inversion

Mode A’(x,2), E|la A”(y), E|b
TO1 0.84 THz 1.08 THz
LO1 0.98 THz 1.26 THz
TO2 2.04 THz 2.55 THz
LO2 2.24 THz 2.96 THz
Table 1.
Fitting values of mode frequency in Eq. (11).
A’(%,2), Ella A”(y), Ellb
€(0) 79.2 149.0
e(1) 49.0 81.0
£(o0) 6.76 6.76
Table 2.

Fitting values of dielectric constant in Eq.
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axis, 3) to ferroelectric (R3¢ with three-fold rotation axis, 3) phases [39]. Lattice
dynamics have been extensively studied by Raman scattering [40], infrared spectro-
scopy, and theoretical calculations. In a rhombohedral ferroelectric phase, the
symmetry of the optical modes at the I" point of Brillouin zone is given by.

4A4(z) + 9E(x,y) + 5A,. (12)

Here, A;(z) and E(x,y) modes are Infrared and Raman active, while A, modes are
silent modes, which are infrared and Raman inactive. The symmetry of a ferroelectric
soft mode is A;(2). According to the Raman scattering study, the temperature depen-
dence of the lowest frequency A;(z) mode became overdamped far below T¢. This
fact indicates that the anharmonicity of a ferroelectric soft mode is very high even at
room temperature. The Raman scattering spectrum of A;(z) modes observed at the
a(cc)a backward scattering is shown in Figure 7 [41]. Therefore, the damping of A;(z)
modes is not negligible.

For the analysis of such anharmonic modes, it is necessary to discuss the damping
of phonon using the imaginary part of a dielectric constant. When a dielectric con-

stant, e(k, v), is a complex number, then a wavenumber of polariton, k or a fre-
quency, v, can be also a complex number. Since the infrared spectroscopy considers
spatial decay, v is defined as a real number, while & is defined as a complex number
[32]. The complex wavenumber of polariton, k(v), is defined by the equation,

k(v) =k (v) + ik (v). (13)

Considering the following relation between the complex dielectric constant and
the complex refractive index,

e(k,v) = {n(k,v) + ix(k, v)}*. (14)

The polariton dispersion relation for the real and imaginary parts of the complex k
(v) was derived from Egs. (13) and (14),

»

k (v) =2n/cn(k,v),k (v) = 2x/cx(k,v) (15)

The polariton dispersion of anharmonic A;(z) modes of a congruent LiNbOj; crystal
was measured by FIRSP [41] as shown in Figure 8. The polariton dispersion relation
was determined by the complex refractive constant measured in the condition E//c.

—r—r—r—r—— —r—r—r—r—r—r—r—

— :
congruent LINbO,

A,(2) symmetry modes
293K

TO4

Raman intensity (arb. units)

1
15 20 25 30

Frequency shift (THz)

Figure 7.
Raman scattering spectrum of A, (z) modes observed at the a(cc)a backward scattering.
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Dispersion relations of phonon-polariton with real and imaginary parts of wavenumber of a LiNbOj crystal are
shown in right and left hands sites, respectively. TOj and LOj (j = 1,2,3) denote the three TO and three LO modes
of the T, symmetry, respectively [42]. Closed and open circles denote the observed values by THz-TDS [43] and
Raman scattering [44, 45], respectively.

Mode Far-IR ellipsometry Raman scattering First principles calculation [45]
A,(TO1) 7.54 THz 7.63 THz 7.18 THz
A4(TO2) 8.17 THz 8.35 THz 8.67 THz
A4(TO3) 9.97 THz 10.0 THz 10.6THz
A;(TO4) 19.0 THz 19.0 THz 18.3THz
Table 3.

A,(TO) mode frequency.

Figure 8 shows the real and imaginary parts of polariton wavenumber versus the
polariton frequency with A;(z) symmetry. The result by forward Raman scattering
measurements [43, 44] was also plotted for the comparison. The dotted lines in Fig-
ure 8 denote the calculated dispersion relation with no phonon damping. Closed open
circles in Figure 8 denote the values observed by the forward Raman scattering mea-
surement. These observed values of Raman scattering and FIRSP are in good agreement
with those determined by the first principles calculations [45] within experimental
uncertainty as shown in Table 3.

3.2 Raman inactive phonon-polariton

The tolerance factor of perovskite SrTiO; (STO) is 1.0. The STO is known as the
typical quantum paraelectric [46] as same as BaZrO; in Section 2.2. The space group
symmetry is a cubic Pm3m with the center of symmetry at room temperature. The
optical vibrational modes at the I" point of the Brillouin zone are 3T, + T2,. The Ty,
modes are silent modes, which are infrared inactive and Raman inactive. The 3Ty,
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modes are Raman inactive while infrared active and hyper-Raman active. The Ty,
modes were studied by the far infrared spectroscopy [47], THz-TDS [48, 49], and
hyper-Raman scattering [50, 51].

For the study of the polariton dispersion relation of the three Ty, modes in the
large frequency range up to 36 THz, the infrared reflectivity spectrum of a [001] STO
plate was measured in the range from 0.9 and 36 THz as shown in Figure 9 [52]. The
typical polariton dispersion curve was observed in the vicinity of the lowest TO1 mode
at vro; = 2.6 THz. the results of hyper-Raman scattering [50, 51] were also plotted in
Figure 9 for the comparison. Inoue et al. measured only the highest-frequency
polariton dispersion higher than the highest-frequency LO3 mode at v; o3 = 23.7 THz
[51]. While, Denisov et al. measured both the lowest-frequency dispersion curve
lower than the lowest TO1 mode frequency and the highest-frequency dispersion
curve higher than the highest LO3 mode [50]. The polariton dispersion measured by
the hyper-Raman scattering measurements [50, 51] is in a good agreement within the
experimental uncertainty with the results the infrared reflection measurement [52] in
the frequency range below 2.6 THz and above 23.7 THz.

In hyper-Raman scattering spectroscopy, the conservation law holds among the

—

wave vectors of an incident, k;, scattered light, &, and polariton, &,

— —

Lk (V) = 2ki(ui) — ko(us), (16)

where v; and v, are frequencies of incident and scattered light from a sample,
respectively. The frequencies of v = 2v; - 15 and v, is approximately equal to a double of
v;. According to the Eq. (16), the dispersion relation is observable only in the limited
region due to the birefringence between the refractive indices of fundamental of an
incident light and second harmonic wavelengths of scattered light. Especially, the
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Figure 9.

Dz%})lersion relations of phonon-polariton with real and imaginary parts of wavenumber of a SrTiO; crystal ave
shown in right and left hands sites, respectively. TOj and LOj (j = 1, 2, 3) denote the three TO and three LO modes
of the T, symmetry, vespectively [52]. The results of FTIR [52] and THz TDS [49] are shown by the solid line and
the closed circles, respectively. The values of the hyper-Raman scattering [50, 51] are shown by the closed circles
and closed diamonds.
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observation of the lowest frequency polariton of a soft mode with a small k; is
impossible by this birefringence. Consequently, the hyper-Raman scattering of
phonon-polariton is not suitable to study the ferroelectric soft mode.

In Section 3, the polariton dispersion of Raman active modes in Bi,Ti301,, LINbO3,
and Raman inactive modes of SrTiO; are described. Other ferroelectrics such as
LiTaOs, BaZrOs, and p-Gd,(MoO,); were also studied by THz-TDS [53].

4. Polar metallic materials: ferroelectric instability and conduction
electrons

The possibility of ferroelectric metals was suggested by Anderson and Blount in
1965 that V3Si and other metallic transitions may be “ferroelectric” by the appearance
of a polar axis [54]. It was written that while free electrons screen out the electric field
completely, they do not interact very strongly with the transverse optical phonons and
the Lorentz local fields lead to ferroelectricity, since umklapp processes are forbidden
as k — 0. Recently the relation between ferroelectricity/polar distortion and metallic
conductivity has attracted much attention in various kinds of metallic materials [55].
The A or B-site doped SrTiO; crystals has been extensively studied by the significant
changes of physical properties related to metallic conduction by injected free electrons
and lattice distortions [56, 57].

For the measurements of a materials with a high dielectric constant, the high
reflectivity causes the difficulty in a transmission THz measurement. On reflection
measurements using a conventional THz-TDS system, the determination of the phase
delay of the reflected beam from a sample is difficult, because the reference beam
from the surface of a sample cannot be accurately measured. Therefore, for the
measurement of a complex high dielectric constant, the terahertz time-domain spec-
troscopic ellipsometry (THz-TDSE) using the reflection from a sample to be studied
has been developed. In this section, the ferroelectric soft mode and conduction elec-
trons studied by THz-TDSE is described [58, 59].

4.1 Ferroelectric instability

The complex dielectric constants of SrTiO; crystals with heterovalent B-site dop-
ing by Nb°* ions were investigated to clarify the correlation between the ferroelectric
soft optic mode and the injected carrier electrons. By the Fourier transformation of the
time dependence of electric fields of p- and s-polarization components of reflected
THz waves, the real and imaginary parts of a dielectric constant at room temperature
were determined as shown in Figure 10a and b, respectively [59]. The dielectric
response in the THz range includes a ferroelectric soft optic mode and dynamics of
carrier electrons. The former is dominant near the ferroelectric soft mode frequency
around 3 THz, which is well reproduced by the damped harmonic oscillator (DHO)
model. While, in the frequency region lower than 1.5 THz, the dynamics of carrier
electrons are dominant. Usually, the dielectric response of carrier electrons has been
discussed using the Drude model. However, the accurate THz range spectra needs the
modification of this model [60]. The Drude-Smith model assuming a single collision
[61] has been used to analyze THz spectra. The complex dielectric constant of the
Drude-Smith model is given by,
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where ¢}, and v, are the background dielectric constant and plasma frequency,
respectively. The case of ¢ = 0 is the Drude model, and as the constant ¢ decreases from
zero, the back scattering of electrons increases.

The observed real and imaginary parts of complex dielectric constants of Nb-
doped SrTiO; were fitted by the summation of the DHO mode responsible for a soft
polar mode and the Drude-Smith model responsible for free carriers as shown by the
dotted lines in Figure 10a and b. Since in an undoped SrTiOj; crystal has no free
carriers, the spectra were fitted only by the DHO model as shown in the solid lines in
Figure 10a and b.

4.2 Correlation between soft mode and conduction electrons

The lowest frequency TO1 mode is a ferroelecric soft optic mode in SrTiO3. The
soft mode frequency and plasma frequency are plotted as a function of the carrier
concentration 7. in Nb doped SrTiOj; crystals as shown in Figure 11a. It is found that
both soft mode frequency and plasma frequency increase as the carrier concentration
increases.

In polar semiconductors, it is known that longitudinal optical phonons couples to
plasmons. At the appropriate carrier density, the free-carrier plasma frequency is
comparable to the phonon frequency, and the coupling between plasmons and pho-
nons occurs [62]. Then the two new normal modes are strong admixtures of phonons
and plasmons. The macroscopic point symmetry m3m of undoped SrTiO; crystals has
a center of symmetry, while there is the possibility of local symmetry breaking [63] in
doped SrTiO; crystals. For Nb doped SrTiOj3 the calculated plasma frequency was
plotted as a function of the root of carrier concentration dependence in the relatively
low concentration region as shown in Figure 11b. However, the concentration of
Figure 11a is much higher than that of Figure 11b, and the plasma frequency is more
than ten times of a soft mode frequency. Therefore, the effect of such a coupling is
negligible in the present study.

38



Terahertz Spectroscopy in Advanced Materials Science
DOI: http://dx.doi.org/10.5772 /intechopen.110850

T L 960 10
—_ Nb-doped SiTiO, crystals 1 Nb doped SrTiO
N e 3
bt 450 =
=~ 32 B o B e
= & 31 B N —_
i = 2] uypet‘p asmon
2 s 40 = \
& E B~ 8 b
— | > [ - R
3 jos 2
= BT =1 H © 4
3 . g =
g 28 “m 4 .2 @
£ 1 B M
- jan 2
a @ soft mode 410 N \‘.“
v 26 . plamon 3 lower plasmon

E 0 [ 1 1 1 1
SR e 00 01 02 03 04 05
Carrier concentration, n_ (10*/cm*) n (10 cm )
(a) (b)
Figure 11.

(a) The soft mode frequency and plasma frequency are plotted as a function of the carrier concentration n, in Nb
doped SrTiOj; crystals. (b) The coupled plasma frequency against the root of n.

According to the Cochran’s theory on ferroelectric instability [64], the square of
the soft mode frequency, v, is proportional to the difference between short range
(SR) and long range (LR) interactions.

Vs>x[SR interaction|-[LR interaction] (18)

The LR electrostatic fields favoring the polar structure are expected to be screened
by the free carriers. The charge carriers essentially suppress the LR interaction of the
attractive Coulomb force and increase a ferroelectric soft mode frequency. Figure 12
shows the relation between the square of a soft mode frequency and the free carrier
concentration in doped SrTiO; crystals. It is found that the square of a ferroelectric
soft mode frequency linearly increases as the carrier concentration increases. It is
concluded that the carrier electron concentration suppresses the ferroelectirc instabil-
ity and enhances the increase of a soft mode frequency.

However, the suppression of polar instability by free carriers markedly depends on
materials reflecting the strength of electron-phonon coupling. The first-principles
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Square of the ferroelectric soft mode frequency, vro, as a function of carrier concentration, n., of Nb doped SrTiO,

crystals. The dotted line shows the linear relation.
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calculations showed that substantial polar displacements in n-doped LiNbO; are much
more stable than those in n-doped BaTiOs. This fact indicates that the electron-
phonon coupling of BaTiO; is much stronger than that of LINbO3 [65]. Recently, it
was reported that nonadiabatic Born effective charges (naBECs) can be defined in
metallic compounds [66]. For doped SrTiOs, the calculation of naBECs of the
sublattices in SrTiO; suggested significant changes in the mode frequencies of polar
phonon. The detailed theoretical study may clarify the interaction of the carrier
electrons with ferroelectric instability.

5. Summary

Advanced terahertz vibrational spectroscopy using THz-time-domain spectros-
copy (THz-TDS), THz time-domain spectroscopic ellipsometry (THz-TDSE), and far-
infrared spectroscopy is reviewed. In pharmaceuticals, it is suggested that both THz-
TDS and Raman scattering spectroscopy on polymorphic and polyamorphic states are
important to clarify their structure and dynamics. As to the phonon-polariton disper-
sion relation, the detection of anisotropy and the dispersion relation for real and
imaginary parts of polariton wavenumber are discussed in technologically important
ferroelectric materials. The comparison between THz time-domain spectroscopy and
forward Raman scattering is discussed. Recently polar metallic materials with metallic
conduction and polar distortion have attracted much attention. In the heterovalent
doped quantum paraelectric strontium titanate, the metallic conduction and polar
instability coexist. Both dynamical features are studied by THz time-domain
ellipsometry. The metallic polar instability is analyzed by the damped harmonic oscil-
lator model for a ferroelectric soft mode and the Drude-Smith model for free carriers.
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Chapter 3

Systematic Characterization of
High-Dielectric Constant Glass
Materials Using THz-TDS

Technique

Osamu Wada, Doddoji Ramachari, Chan-Shan Yang,
Takashi Uchino and Ci-Ling Pan

Abstract

High-dielectric constant glasses are prerequisite for developing terahertz (THz)
components and systems. Oxyfluorosilicate (OFS) glasses have been developed and
their THz properties have been characterized by using THz-time domain spectroscopy
(THz-TDS) measurements. High-dielectric constant (8-13) and low loss (6-9/cm)
properties in the THz region have been demonstrated and their dielectric properties
have been studied using the single oscillator-based model through a comparison with
other multi-component silicate oxide glasses. Unified single oscillator model, which
can distinguish the electronic and ionic contributions to the dielectric property, has
been applied in this analysis. The physical origin of the dielectric constant enhance-
ment and the importance of interplay between the electronic polarizability and ionic-
ity in high-dielectric constant glasses have been revealed. This study has demonstrated
the usefulness of THz-TDS technique for characterizing dielectric properties of
multi-component glasses in detail.

Keywords: terahertz time domain spectroscopy (THz-TDS), dielectric constant,
multi-component glasses, electronic/ionic polarizability, polarization ionicity

1. Introduction

Since its early demonstrations in 1980-1990’s, terahertz (THz) time-domain spec-
troscopy (THz-TDS) [1-5] has been employed to study a wide variety of crystalline
and non-crystalline materials, e.g., dielectrics [6], semiconductors [7, 8], polymers
[9], biological molecules [9], liquid crystals [10], aqueous solutions [11], and many
others. The THz-TDS technique has a variety of advantages [9, 11]. For example, a
compact system can be built by adopting compact, convenient-to-use components
such as photoconductive antenna (PCA) devices as THz sources as well as detectors
that can be excited by a sub-picosecond mode-locked laser. Both reflection and trans-
mission configurations can be used depending on the sample nature. Original THz
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signal obtained is in time domain, but it can be Fourier transformed into frequency
domain over a wide bandwidth. The amplitude and phase information are indepen-
dently acquired and precise material characteristics can be obtained. Thus, THz-TDS
has become a powerful tool for detailed physical/chemical characterization and spec-
troscopic chemical assessment of materials.

The characteristic vibrational properties of solid materials such as glasses are often
found in the THz frequency range (usually 0.1-10 THz). However, glass properties
studied so far are limited to some silicate oxide and chalcogenide glasses [12-16].
Some glasses have shown relatively high transparency in the THz frequency range
[14-16], and those are potentially useful for the application to a variety of photonic
devices, components, and systems in the THz frequency band.

A number of multi-component silicate glasses [17] and various chalcogenide
glasses [18] have been developed for optical frequency applications owing to their
high chemical/mechanical stability and desirable optical properties such as high
refractive index, high transparency, and high optical nonlinearity in visible and mid-
infrared wavelength regions. Toward THz applications, further development in glass
materials with high-refractive index and low loss is desired. One possibility is
oxyfluoride (OF) glasses [19-21], in which non-radiative transitions are suppressed
with corresponding high-efficiency luminescence and transparency. Recently,
oxyfluorosilicate (OFS) glasses containing metal fluorides have been investigated as
they can exhibit combined properties of oxides and fluorides such as a low melting
temperature, high chemical/mechanical resistance, low phonon energy, and attractive
optical characteristics including high refractive index [19-21]. Multi-component
design to increase the electronic and ionic polarizabilities can be useful for realizing
high refractive index in the THz frequency range. This also suggests a possibility of
high optical nonlinearity in the THz frequency range [22], which is attractive for
developing active devices such as switching and wavelength conversion devices. Thus,
OFS glasses incorporating appropriate metal oxides/fluorides are expected to provide
essential glass materials for THz applications. The THz dielectric properties and their
physical nature of such OFS glasses, however, have not been systematically investi-
gated so far.

In the following, we describe the characterization of high-dielectric constant and
low loss properties of novel OFS glasses, which are revealed by the application of the
THz-TDS technique. First, we describe the THz dielectric properties of two series of
multi-component glasses: ZNbKLSNd and PbNKLSNd OFS glasses [23]. Then, we
discuss the physical mechanism of the dielectric constant enhancement through a
comparative study involving several other multi-component silicate oxide and chal-
cogenide glasses by using the conventional, simplified single oscillator model [24] and
also by developing and applying the more precise, unified single oscillator model [25].
The results show how the dielectric properties of glasses are controlled by the elec-
tronic polarizability and ionicity of the glasses, which also demonstrates the usefulness
of THz-TDS technique in the glass material characterization.

2. Experimental methods

2.1 THz characterization and analysis techniques

Figure 1 shows the schematic diagram of the transmission-type photoconductive-
antenna-based THz-TDS setup employed in this work. Details can be found in our
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Schematic diagram of transmission-type photoconductive-antenna-based THz-TDS setup used in this study.

Figure 1.

previous work [7, 26]. Briefly, the ultrafast laser used was a Ti:sapphire femto-second
laser (Spectra Physics, Tsunami) that routinely generated ~60 fs pulses with an
average power of 380 mW at 82 MHz. A dipole-type photoconductive antenna (PCA)
fabricated on low-temperature molecular-beam-epitaxy-grown GaAs (LT-GaAs) was
biased by a periodic step-function-type signals and was excited by the ultrafast laser
pulses to generate THz pulses. The generated THz wave was collected using a high-
resistivity Si lens and was collimated by gold-coated parabolic mirror into a highly
directional beam. After passing through the glass sample, the THz pulse beam was
focused onto an identical LT-GaAs PCA as the detector using an identical combination
of parabolic mirror and Si lens, as shown in Figure 1. The electric field of the trans-
mitted THz pulse induces a voltage across the detector antenna and is mapped by
photoconductively shorting the gap. When the detector was gated by a delayed probe
laser pulse, a current proportional to the instantaneous field strength of the incident
THz pulse can thus be measured using the lock-in technique. The time delay between
the pump and probe laser pulse is mechanically scanned by moving a retroreflector
with a computer-controlled motor stage. The amplitude and phase of the THz wave
were obtained by changing the time delay using this setup. The THz-TDS system was
enclosed in a N,-purged box with a relative humidity of ~4% to minimize THz power
absorption due to residual water vapor in the THz beam path. The glass samples with
diameter of ~10 mm and thickness of ~1.6 mm were polished on both sides. The
samples were attached to a sample holder that has an optical aperture ~8 mm in
diameter. An identical clear aperture was used as a reference.

Typical characteristics of the emitted THz wave in this THz-TDS system are shown
in Figure 2: (a) displays the measured electric field intensity in time domain and (b)
shows the frequency spectrum of THz power, which has been retrieved using the fast
Fourier transformation (FFT). The effect of nitrogen purge is obvious for minimizing
the water absorption. As shown in the spectrum, the dynamic range of the THz-TDS
system is ~45 dB at 0.5 THz, and the S/N ratio is maintained in the range of 100-1000
across the band from 0.2 to 1.6 THz.

Figure 3a shows the electric field temporal traces of the transmitted THz wave
with and without the glass sample, and Figure 3b shows the frequency dependence of
the THz phase shift estimated with respect to the reference phase angle (without glass
sample). Since the phase shift occasionally showed irregular behavior at high fre-
quency (>0.8 THz, refer to Figure 3b) and correspondingly worse S/N ratio, we have
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Measured transmission signals for a representative glass sample (PbNKLSNd glasses). (a) Time domain electric
field intensity signals of THz waves transmitted through glass samples and air (veference). (b) THz frequency
dependence of phase shift caused by transmission through glass sample.

restricted our measurement frequency range between 0.2 and 0.8 THz for the accu-
racy.

The THz absorption coefficient a(v) and refractive index #(v) of the glass samples
at the frequency v are determined by using the following equations [12, 26-28];

_ 2 (B () [n(0) + 1)
a(l/) = ;i 11'1( Esam(y) 47[(1/) > (1)
1) = 1+ 5 (Puan(¥) = 0rg (V) @

where E(v) and ¢(v) are the amplitude and phase of the THz field transmitted
through the glass sample (suffix: sam) and the reference medium (air in this case,
suffix: ref); c is the speed of light, and d is the thickness of glass sample. The second
term inside the natural logarithm in the right hand of Eq. (1) is a Fresnel reflection
correction factor, for which the effect of extinction coefficient is neglected because of
its insignificant effects in the present measurement frequency range (0.2-0.8 THz).
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Refractive indices in the transparent range of optical frequencies were evaluated
from the normal incidence reflectivity measurement using Fourier transform infrared
(FTIR) spectroscopy (Bruker VERTEX v70) by applying the following simplified
equation [24, 29]:

Mopt = (1 + 71/2)/(1 — 71/2>, (3)

where 7 is the optical reflectivity. The effect of internal multiple reflection within
the sample bulk [29] may influence the reflectivity value in the highly transparent
wavelength region, but this effect was confirmed to be negligible in our case,
supporting the use of simplified equation as shown above [30].

2.2 Glass sample preparation and data acquisition

The OFS glasses were prepared by the melt-quenching technique [19-21, 23] with
two series of chemical compositions; one is ZNbKLSNd glass:
(20 — x)ZnF, + 20Nb,0s5 4+ 20K,CO3 4 10LiF + 30Si0, + xNd,03, and the other is
PbNKLSNd glass: (20-x)PbF; + 5Na,0 + 20K;CO; + 10LiF + 45Si0, + xNd, 03,
where x =1, 5, and 10 mol%. The compositions were designed by referring to our prior
works on OFS glasses including ZnF, [19] and PbF, [21]. Different x values were
adopted to check the relative effects of the fluorine and modifier (Nd) contents. Batch
composition for each glass with ~15 g weight was thoroughly crushed in an agate
mortar and its homogeneous mixture was transferred into a platinum crucible and
heated at 1250°C for 3 hours in an electric furnace under ambient atmosphere. The
melt was then poured onto a preheated brass mold and annealed at 400°C for 10 hrs to
remove thermal strains. The glasses were slowly cooled down to room temperature
and polished and formed into disks with the thickness of ~1.6 mm for the THz and
optical measurements. In order to discuss the dielectric properties and their physical
mechanisms, data of several of other multi-component glasses, in particular, several
commercial silicate oxide glasses have been collected from the literature. Composi-
tions and basic physical parameters including the molecular weight M, density p, and
molecular volume V,, of glasses used are summarized in Table 1. For OFS glasses, the
value of p was measured by the Archimedes method. The formula weights of glasses
were evaluated using nominal atomic compositions.

Glass Composition M(g/l p(gl Vm(ecm®  Ref
mol) cm?®) mol)
ZNbKLSNdx  (20-x)ZnF, + 20Nb,Os + 20K,CO3+ x=1 124  3.65 34.0 [23]

10LiF + 30SiO; + xNd,05 x-5 133 366 363

x=10 145 3.54 41.0

PbNKLSNdx (20-x)PbF, + 5Na,0 + 20K,CO5+ x=1 110 372 29.7 [23]
10LiF + 455i0,+ xNd,0; R 202
x=10 119  3.62 328
Silica Sio, 60 2.20 273 [12,23]
Pyrex 80.6Si0, + 12.6B,0; + 4.2Na,0 + 2.2AL,05+ 62 223 278 [12,23]

0.04Fe;03 + 0.1Ca0O + 0.05MgO + 0.1Cl
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Glass Composition Mgl p(g/ Vm (cm®  Ref
mol) cm?) mol)

BK7 68.9Si0; + 10.1B,03 + 8.8Na,0 + 8.4K,0+ 65 2.51 26 [12, 23]
2.8Ba0 + 1.0As,05

SK10 30.6Si0, + 11.7B,05 + 5.0A1,05 + 0.1Na,0+ 112 3.64 30.8 [12, 23]

48.2Ba0 +2.0ZnO + 0.7PbO + 0.8Sb,03+ 0.9As,05

SF10 35.3Si0, + 2.0N2,0 + 2.5K,0 + 55.7PbO+ 153 4.28 35.8 [12, 23]
4.0TiO, + 0.5As,03

SF6 27.78i0, + 0.5Na,0 + 1.0K,0 + 70.5PbO+ 0.3As,0; 177 5.18 34.2 [12, 23]

S1 Lay0GanoSeo 61 4.27 14.3 [16]

S2 La;6GarsSeo 58 4.48 13.0 [16]

S3 La;,GaysSeo 56 4.11 13.6 [16]

S4 La;pGaygSasSern 61 3.99 15.3 [16]

S5 La;,GasgS305ex 65 471 15.4 [16]

S6 Ges3AsnSess 76 4.66 16.3 [16]

S7 GeygSb1,Seqo 82 4.41 18.6 [16]

Table 1.

Compositions and basic properties of multi-component glasses (reproduced from vef. [23] with the permission of
AIP publishing).

3. Results and discussion
3.1 THz refractive index and absorption coefficient dependences on frequency

Figure 4 shows the absorption coefficients, a(v), and the refractive indices, 7(v)
of the OFS glasses as a function of the frequency in the frequency range from 0.2 to
0.8 THz. As shown in Figure 4, the refractive index increases gradually and the
absorption coefficient increases a little more steeply with the increase of frequency in
both OFS glasses. General behaviors of frequency dependent refractive index and
absorption coefficient as noticed in our results are consistent with prior reports on
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Figure 4.

Refractive index and absorption coefficicent dependences on THz frequency for (a) ZNbKLSNd and (b)
PbNKLSNd glasses with different compositions. (reproduced from vef. [23] with the permission of AIP
Publishing).
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oxide and chalcogenide glasses in the sub-THz frequency band [12-16]. Although
weak oscillatory behaviors are observed at higher frequency regions in some
samples possibly due to residual reflection/scattering related effects in the system,
this is not too severe to affect the evaluations of basic dielectric parameters. The
refractive indices measured in those OFS glasses are higher than in most of the
silicate glasses. In particular, ZNbKLSNd glasses exhibit refractive indices as high as
3.70 at 0.5 THz, which is the highest among various silicate glasses so far reported
and is close to those of La>*: chalcogenide glasses as reported in Ref. [16]. Another
important finding in this result is that the OFS glasses exhibit absorption
coefficients significantly lower than those of other glasses known as high-refractive
index glasses [12].

A comprehensive physical model of far infrared absorption in solids was discussed
for various amorphous materials by Strom et al. [31, 32], in which disorder-induced
charge fluctuations in the material structure cause the coupling of THz radiation into
atomic vibration modes. This model has been applied recently to interpret the THz
absorption characteristics in silicate and chalcogenide glasses [12, 16]. In this model,
the product of #(v) and a(v) is shown to follow a power-law relationship as expressed
by [13, 14, 16]:

n(v)a(v) = K(hv), (4)

where K and f are material-dependent parameters of each glass and % is the
Planck’s constant. We have analyzed the present OFS glasses on the basis of this
relationship. Figure 5 shows the product na plotted as a function of the THz fre-
quency for ZNbKLSNd and PbNKLSNd glasses. The na versus frequency behaviors
are in fairly good agreement with the slope of 2 as indicated by dashed lines drawn in
the figures. The absorption parameter K has therefore been determined for f =2 in
our analysis on the present OFS glasses. This is consistent with previous data reported
for a number of amorphous materials [31, 32], including silicate [12] and chalcogenide
[16] glasses, which supports the disorder-induced-charge fluctuation model for
interpreting the sub-THz absorption characteristics in a wide variety of glasses. The
value of K is associated with the magnitude of incoherent (not maintaining the local
charge neutrality) atomic-charge fluctuation induced by structural disorders [13]. The
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Figure 5.

Dependences of refractive index absorption coefficicent product on THz frequency for (a) ZNbKLSNd and (b)
PbNKLSNd glasses with different compositions. The dotted line is a guide for eye with a slope of 2.0. (veproduced
from vef. [23] with the permission of AIP Publishing).
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value of f seems to be variable over a wide range (2 ~ 3.4 [16, 33]) depending on the
alkali modifier contents in oxide glasses [33] and the coordination number in chalco-
genide glasses [16]. More detailed interpretation is subject to further study.

3.2 Absorption and refractive index properties in different glasses and their
physical origins

The correlation between the THz absorption parameter, K, and refractive index, #,
evaluated at 0.5 THz is shown in Figure 6 for the present OFS glasses and selected
other glasses. Glass compositions corresponding to all data points in the figure can be
found in [23]. Taking into consideration that the refractive indices of OFS glasses
show only small changes in the measured THz frequency range, the K parameter is
nearly in proportion to the absorption coefficient according to Eq. (4). The larger K
implies larger absorption loss and hence suggests a glass structure involving more and/
or heavier disorders. When alkali oxides such as Na,O are introduced in the silicate
oxide glass network structures, covalent Si-O-Si bonds are broken due to larger elec-
tronegativity difference between Na (0.93) and Si (1.90). This results in the intro-
duction of local disorders in the glass structure and generates a number of non-
bridging oxygens, leading to the increase of the absorption parameter as well as the
refractive index [13]. Naftaly et al. [12] showed that K is proportional to the fourth
power of the refractive index in a series of commercial multi-component silicate oxide
glasses (except for silica), data of which are also shown in Figure 6. A trend of the
THz absorption coefficient increasing with the THz refractive index is found in most
of high-refractive index glasses. Such phenomena can be understood by considering
the charge fluctuations that are generated due to the structural disorder when the glass
structure is modified. Generation of such atomic charge fluctuations could be
enhanced particularly in multi-component glasses such as OFS glasses. As is displayed
in Figure 6, however, the present OFS glasses show high refractive indices yet
maintaining very low absorption coefficients regardless of that their glass
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Figure 6.
Relationship between the absorption parameter and refractive index determined at 0.5 THz for a variety of multi-

component glasses. (veproduced from vef. [23] with the permission of AIP Publishing).
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compositions involve appreciable amounts of alkali ions (Na, K) and large atomic
weight metal (Nd, Nb) oxides, which would have caused the increase of absorption
losses as noticed in most of fluorine-free oxide glasses. Although some more THz-TDS
based studies on silicate, germinate, tellurite oxide, and fluoride multi-component
glasses have been reported very recently by Pacewicz et al. [33], the highest refractive
index and lowest absorption of the present OFS glasses are still valid.

For understanding those properties of OFS glasses, it should be noticed that our
OFS glasses incorporate appreciable amounts of fluorides, e.g., ZnF,, LiF, and PbF,. In
many of oxide-based glasses, fluorine is known to restrict the formation of glass
network due to its extremely high electronegativity (Pauling: 3.98) [34]. The atomic
polarizability (1.04 A3) of fluorine is much lower than that of oxygen (3.88 A3) [35],
and this is considered to help reduce the refractive indices of OFS glasses. On the other
hand, when the glass network involves structural disorders and strains, the incorpo-
ration of fluorine can lead to their relaxation. It was found by Hosono et al. [36] that
the introduction of a very small amount (>1 mol%) of fluorine into silica results in a
significant enhancement of the hardness against ultraviolet radiation. According to
their interpretation, the strong F-Si couplings cause the reconstruction of strained
three-/four-membered Si-O-Si rings, making the network bonds more open and
eventually relaxing physical disorders in the glass structure. It has also been reported
that the fluorine substitutes randomly into the oxygen sites [37], and this works
favorably to give rise to a uniform structural relaxation. Very low absorption charac-
teristics as found in the present OFS glasses support that the charge fluctuation is
considerably prevented in the glass structure owing to the structural relaxation effect
of fluorine.

As shown in Figure 4, the dependence of the THz absorption coefficient of OFS
glasses on the x value is weak. Dependence of the refractive index on x is even weaker.
This would suggest that significantly low absorption properties of OFS glasses is
predominantly determined by the basic composition of the present OFS glasses, which
contain at least 10 mol% of fluorine, rather than by the incorporation of rare earth
(Nd) modifier. This is consistent with prior works in which the structural relaxation is
observed on the fluorine addition as low as 1 mol% in silica [36, 38]. It can be
concluded that the structural relaxation effect of fluorine is primarily responsible for
the significantly low absorption loss properties of the present OFS glass systems.

3.3 Dielectric properties and polarizabilities

In order to compare dielectric properties of the present OFS glasses with those of
other glasses, we analyze the data by using the Clausius-Mossotti equation [12, 23, 35].
The dielectric constant in the optical frequency range, &opt, is determined by the
polarizability of electrons associated with constituent molecules in the glass. On the
other hand, the dielectric constant in the sub-THz frequency range, erys,, is deter-
mined by the total polarizability including contributions of both the fast response
electrons (P,) and the slow response ions (P;) involved in the glass material. Both of
the dielectric constants, &, and ery,, are correlated with the molar electronic polar-
izability, P,, molar ionic polarizability, P;, and molar total polarizability, P, = P, + P;,
as expressed by the following formula:

Sgpt -1 4 "
Vi =——NsP, =R , 5
5opt + 2 3 A m ( )
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STHzfl 4 tot
= "V, =—NuyP, +P;)) =R’ =R (1+a), 6
eTHz + 2 m 3 A( 4 1) m m( {/l) ( )

where V,, is the molar volume which is defined by M/p using the density p and
molecular weight M, R¢, is the molar electronic refraction, R’ is the molar total
refraction including both electronic and ionic contributions, a is defined as the ratio
P;/P,, and N, is the Avogadro number (6.023 x 102 mol ). Considering that the
extinction coefficient (k = ac/(4zv)) is negligible in comparison with the refractive
index in the sub-THz region in the present glasses, the THz dielectric constant is
obtained from ey, = n7y.”. Similarly the optical dielectric constant is obtained from
Eopt = noptz. By using Egs. (5) and (6), the polarizabilities can be evaluated from the
measured refractive indices in each frequency range. The THz refractive indices have
been determined at a fixed frequency of 0.5 THz for all glasses in this study. The
optical refractive indices of OFS glasses have been determined at the wavelength of
1500 nm from the measured optical reflectivity spectra using Eq. (3). For other
commercial glasses, the refractive indices determined at 589 nm [12] have been used.
The resultant values of polarizabilities P,, P; and Py, and a = P; /P, are summarized in
Table 2.

Glass nTHz Mopt  Prot P, P; a= ETHZ- Ao g (10*° cm/ Ref.
(A (A &) PP e (um)  mol)
ZNbKLSNdO1 3.68 1.81 10.9 582 5.05 0.868 10.27 74.57 6.247 [24]
ZNbKLSNdO5 3.70 1.79 11.7 5.99 567 0.947 1049 78.89 6.066 [24]
ZNbKLSNd10 3.65 180 12.6 6.83 580 0.850 10.08 9872 4.186 [24]
PbNKLSNdO1 2.95 157 8.47 379 468 124 624 126.5 1.279 [24]
PbNKLSNdO5 3.04 1.63 8.77 4.19 458 110 6.58 112.6 1.510 [24]
PbNKLSNd10 296 1.53 9.38 394 544 138 6.42 115.5 1.617 [24]
Silica 196 1.46 526 291 235 0.810 171 [12, 24]
Pyrex 211 147 590 3.02 2.88 0.950 227 [12, 24]
BK7 251 152 6.60 3.09 351 115 3.99 80.84 1.586 [12, 24]
SK10 291 162 871 429 442 1.03 5.85 126.7 1.082 [12, 24]
SF10 321 173 107 5.66 5.07 0900 731 138.7 1.305 [12, 24]
SF6 356 1.81 10.8 586 493 0840 9.40 132.5 1.762 [12, 24]
S1 3.89 237 4.60 338 122 0361 952 1088 1.110 [16, 24]
S2 374 238 420 3.07 113 0.368 8.32 110.4 0.953 [16, 24]
S3 3.60 237 430 322 108 0335 734 95.68 1.064 [16, 24]
S4 350 231 4.80 353 127 0360 691 91.41 1.343 [16, 24]
S5 3.65 237 490 3.65 125 0.343 771 93.09 1.343 [16, 24]
S6 285 273 4.60 436 024 0.055 067 1394 0.303 [16, 24]
S7 319 260 5.60 479 081 0169 3.42 139.7 0.052 [16, 24]
Table 2.

Material, THz, and optical parameters determined for a variety of glasses (reproduced from ref. [23] with the
permission of AIP publishing).
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By using this ratio 4, the electronic molar refraction R, and the molar volume
Vm, the optical refractive index (nopt) and THz refractive index (n7y;) can be
expressed in the following forms:

_ 1+2R /V,
Nopt = m, (7)

_— \/1 + 2R (1+a)/V, ®

1-R.(14+a)/Vy,'

Figure 7 shows the relationships between the THz refractive index and optical
refractive index for various silicate oxide glasses including OFS glasses and La:chalco-
genide glasses. Two curves indicated in the figure have been obtained from Egs. (7)
and (8) using R!, /V,, as a variable parameter for fixed values of 4; @ = 0.95 and
a = 0.35 have been assumed for silicate oxides and La:chalcogenides, respectively, in
Figure 7. As shown in this figure, two different glass groups are distinguished by the
polarizability ratio . Small shifts of the measured data from the calculated curve
are due to the discrepancy of the real value of 4 from the fixed value used for
calculation, for example, a = 0.85-0.95 for ZNbKLSNd glasses and a = 1.10-1.38 for
PbNKLSNd glasses, as can be confirmed in Table 2. A similar 7, vs. 77y, relationship
is found for La:chalcogenide glass group. On the basis of the present result, the
polarizability ratio @ can be a useful parameter to characterize the chemical composi-
tion/structure of glass materials at least within the same glass family such as silicate
oxide glasses, in which the common oxygen ion O~ is responsible to control the
dielectric property.
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Figure 7.
Relationship of THz vefractive index as a function of optical vefractive index for various glasses. Curves shown have
been calculated with representative values of a = P; /P,. (vef. [24]).
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3.4 Ionic contribution to dielectric properties of silicate oxide glasses

We have so far seen that the electronic and ionic contributions to the dielectric and
absorption properties of glasses are interpreted by a unified relationship for all silicate
oxide glasses. In the following, we focus on the contribution of the ionic vibrations to
the dielectric properties of glasses by using a simplified dielectric model [24] and
discuss their relation with the physical properties of glasses. The dielectric constant (¢)
at a given frequency (v) in the THz and far-infrared (FIR) region, ¢,, can be
represented by the classical single harmonic oscillator model (Lorentz model),
which describes the displacement of a pair of anion and cation, as is expressed by

[39, 40]:

47Ne?
T N —
U vy — v —iy

)

Ey = €

where ¢, is the dielectric constant at the infinite frequency (v = o), N is the
number of unit cells involving ion pairs per unit volume (= Ny /Vy,), e is the elec-
tronic charge, p is the reduced mass of ions given by 1/u = 1/m_ + 1/m_, where m_.
and m__ are the masses of anion and cation, v is the characteristic resonance fre-
quency of the oscillator, f is the oscillator strength, and y is the damping factor for
displacement. Here, single charge anion-cation pairs are assumed for simplicity; that
is, a single parameter v will represent the oscillator resonance frequency and eventu-
ally control the THz dielectric characteristics of the glass. Also when the frequency
range of our interest is far from the resonance frequency (as will be confirmed later),
the damping factor can be neglected in Eq. (9). For the convenience of analysis,
Eq. (9) is rewritten to express the dielectric constant, ¢,, as a function of the wave-
length A(= c¢/v), as shown by the following form (Drude-Voigt relation [41, 42]):

1 uV, (11
- ==, 10
& —€o  Nae’f (ﬂé /12> (10)

where N = N, /Vyand the oscillator resonance wavelength 49 have been used.
When we define a material dependent amplitude factor g as:

Nye?
1&[’ (11)

Eq. (10) can be written as:

1 V(1 1
€) — € g AO A

This indicates that a plot of 1/(¢,-¢,,) as a function of 1/2? gives a straight line,
and its slope gives the value of g through g = V,,/ [slope]. Considering the
y-intercept 1/(e, — €.) of this plot for A — co(v — 0), Eq. (12) leads to the following
relation:

/12
. :fl_O. (13)
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Therefore, [slope]/[y-intercept] provides the value of 13 for each of the glass
material.

In the present analysis, the values of ¢, have been determined from the refractive
indices measured at the optical wavelength by using the relation €., = €opt = 72opt>. For
€,—0, we have used the value of ¢ (v = 0.2 THz) = ey, = #u,> Since &, virtually
saturates at 0.2 THz (Figure 4). In Figure 8a, 1/(e, — €.) is plotted as a function of
1//12 for ZNbKLSNdx (x =1, 5, 10) and PbNKLSNdx (x = 1, 5, 10) glasses, and all the
plots show reasonable linear dependences. From these plots, the g factor and A¢ values
have been determined, as listed in Table 2. The same procedure has been carried out
for other silicate oxide glasses by using the data reported by Naftaly et al. [12], and the
resultant plots are shown in Figure 8b for selected multi-component silicate oxide
glasses. Some of the THz-TDS data have shown only weak frequency dependences
(e.g., silica and Pyrex [12]) and those data have been omitted for the accuracy in the
present analysis. The values of g and 49 determined for all glasses including La:chal-
cogenide glasses are included in Table 2.

Results shown in Figure 8 indicate that THz dielectric constant characteristics of
all the glasses studied here can be interpreted by a simplified form of single oscillator
model. Eq. (12) indicates that the dielectric constant difference (¢, — €c),
corresponding to the ionic vibration contribution at the frequency v, is governed by
the values of Vy,, g and A9, which are all specific to the glass material under test. In
order to observe the ionic vibration contributions to the dielectric constants in differ-
ent glasses, we have plotted in Figure 9 the dielectric constant difference ern, — €opt
£THz — Eopt as a function of g/loz /Vm. We adopt the value of (v = 0.2 THz) as ey, for
estimating ey, — €opt, and all other parameters are taken from the experimental data
already described. Figure 9 clearly shows a linear relationship regardless of the dif-
ference of glass materials (including La:chalcogenide glasses: plots not shown). This
result confirms the wide applicability of the single oscillator model for assessing THz
dielectric properties in a wide variety of glass materials.
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1/(e, — o) versus 1/4* plots for (a) ZNbKLSNd and PbNKLSNd glasses with different compositions and (b)
selected multi-component silicate oxide glasses. (vef. [24]).

59



Trends in Terahertz Technology

12
101 SF6 o 7 7N
8 SF10
5 I
§ 0 sK10 k.
N I Pb
& i
a [ BK7
2 C ETHz_gopt=g’:i'02/vm
0 L " i i 1 i " " 1 i i i A i " i 1 " " " L i i i
0 2 4 6 8 10 12

G0% Vi

Figure 9.
Relationship between €Ty, — €opt versus gho” [V for selected silicate oxide glasses. Plots show experimental data

determined from the single oscillator analysis and the straight line indicates a slope of unity. (vef. [24]).

As we have seen already, OFS glasses possess THz dielectric constants much larger
than for most of other glasses, and it is very interesting and important to know the
physical origin of such dielectric constant enhancement. For finding out what physical
parameter controls the ionic dielectric constant, ey, — €qpt has been plotted as a
function of each of the parameters: 1/V,, g and /1%, as is shown in Figure 10. Here,
1/Vy, is regarded as a parameter in proportion to the number of ion pairs in a unit
volume. Two other parameters, g and 13, are adopted to represent the nature of
vibrational oscillator. As Figure 10a indicates, the molar volume seems not to influ-
ence seriously the dielectric constant difference ern, — €opt. Figure 10b and ¢ show
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Figure 10.

The dielectric constant difference etu, — €opt as functions of 1/ Vi, g and 3, for silicate oxide glasses including
PbNKLSNd (Pb) and ZNbKLSNd (ZN) glasses. A significant behavior difference is found between ZNbPKLSNd
glasses and other silicate oxide glasses. (vef. [24]).
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general trends, in which the dielectric constant difference increases in proportion to g
as well as 13, supporting the trend of Eq. (13). Looking at the g and 13 dependences
more closely, it is noticed that there are two distinct groups: ZNbKLSNd glasses, and
all other silicate oxide glasses. In ZNbKLSNd glasses, an extremely large dielectric
constant enhancement (eTHZ — Eopt > 10) is achieved due to the significantly large

value of g (rather than by 43). In the group of other silicate oxide glasses including
PbNKLSNd glasses, the enhancement of the dielectric constant is caused contrastively
by the large values of 13 (rather than by g). Thus, the present analysis based on the
single oscillator model has elucidated that the different physical parameters are
responsible for the ionic dielectric constant enhancement in different glass groups; the
large g plays a principal role in ZNbKLSNd glasses and the large 13 plays leading roles
in other silicate oxide glasses.

3.5 Dielectric property analysis using unified single oscillator model
3.5.1 Single oscillator-based formalism for dielectric property analysis

As we have seen in the previous section, a simplified form of single oscillator model
has been found to be useful as a unified model to characterize the THz dielectric
constant properties in all the glass groups studied. However, the analysis has assumed
the diatomic chain vibration without considering the local field effect. To properly
discuss the behavior of electromagnetic waves induced by ionic vibration, the applica-
tion of phonon polariton formalism with the inclusion of the local field effect is useful
[43-47]. In the following, we summarize the basic dielectric function and some useful
relations for characterizing dielectric properties by referring to Gresse’s approach [47].
In this section, SI unit is used for convenience, but the conversion to CGS unit can be
done by replacing the vacuum dielectric constant ¢9 by 1/4x.

We assume a single oscillator model based on simple diatomic chain for describing
the ionic vibration to determine the dielectric functions of glass materials. An equa-
tion of motion which describes the relative displacement of the cation-anion pair u is
written in the following form:

ui+pya+Du=gq *Eloe, (14)

where y is the reduced mass of ions defined by 1/p = 1/m_ + 1/m__ wherem. and
m_ are the anion and cation masses, y is the damping factor for displacement, D is the
force constant of the ionic pair, and g * is the effective charge of ion. E,, stands for the
local electric field involving the microscopic Lorenz field applied to an atom. This local
field is correlated with the macroscopic applied field E, and polarization P by the

following equation:
1P 1 1\ P
Ep=E,+5-—=|-+5]—, (15)
3 & 3/ €0

where a macroscopic relation of the applied field E, with the polarization,
P = ¢oyE,, has been used. Here, ¢y and y are the vacuum dielectric constant and
macroscopic electric susceptibility of the material. The total polarization P consists of
the lattice strain (u) induced dipole moment (Ppg), which is originated from the
relative ion core displacement, and the electronic polarization (Pyg), which is caused
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by the valence electron displacement with respect to ion core in the local field. This
correlation is expressed by:

P = Ppy + Pyg = Ng*u + NeoP Ej,, (16)

where N is the number of atoms in unit molecule (N = Na/Vy,) and Pe.is the
electronic polarizability of valence electrons surrounding the steady ion core (without
lattice strain). The influence of valence electron displacement which is caused by the
lattice strain is taken into account through the effective charge ¢* of ion pair. Apply-
ing the form of harmonic electric field (E;xexp(—iwt)), Eq. (14) can be written as:

*

(a)2 +iwy — a)oz)u —|—q7Eloc =0, 17)

where wy is defined as wo? = D/u by using the force constant D, and w indicates
the intrinsic resonance frequency for the undamped vibration of diatomic chain under
zero electric field: ii + wo?u = 0.

Egs. (15)-(17) form a set of homogeneous equations for u, P and E;,, (Huang-
Szigetti equation [47]). By solving the secular equation for the macroscopic suscepti-
bility y, the following relation is obtained:

o 3(NPe +)(0)
* T3 (NP o) [e)

Here, NP, and y, indicate the microscopic electronic and ionic susceptibilities. The
microscopic ionic susceptibility, y,, is induced by the ionic vibration, in which effects
of valence electron polarization (NegPcEj,.) and the induced local field (P/3¢() are
excluded, and is expressed by:

)y w2

Xo 2 (19)

wo? wo? — @? —iwy’
where ), is the ionic vibration resonance frequency which is defined by

2 Nq*z
Wp~ = eop
readily shown that the dielectric constant at the frequency w, ¢(w), can be expressed
by the following simple form equivalent to Eq. (9):

. With a slight manipulation of Eq. (18) using the relation of e =1+ y, it is

2
[0)]
8(0)) = €x + (85 - Eoo) m, (20)

where ¢ and &, are the values of ¢ at the frequency @ — 0 and @ — oo, respec-
tively, and wr is the renormalized resonant frequency which is lowered from wo due
to the local field effect as is expressed by:

1 P B

3_7]\][)60)17 = Wy —gwp 3 . (21)

w1 = wy? —

To distinguish the effects of the ionic vibration (Ppy) and valence electron dis-
placement (Pyg) contributions in the determination of the overall polarization, it is
necessary to evaluate the microscopic electronic and ionic susceptibility components,
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NP, and (wp / a)o)z, respectively (refer to Egs. (18) and (19)). Since those quantities
cannot be directly measured, it would be convenient if they could be monitored by
using the measurable physical parameters such as the dielectric constants, & and ¢..,
and the renormalized characteristic frequency, wr, etc. Interestingly, this is made
possible by using the following equations, which are deduced from Egs. (18)-(21):

_ 3+2NP,
“=3_NpP,’

3+ 2((NPE n (a)p/wo)z)

N 3-— ((NPE + (a)p/a)o)z) ’

1 2 1/2

wT a)p

—=(1- 2 ) 4
(O] ( 3— NPE (w()) ) (2 )

It would be noteworthy that we can also deduce from Egs. (18)-(21) very simple
and convenient relations to determine NP, w,/wo and wr/wo and a parameter by
using only the steady state values of dielectric constants, &5 and €., as shown in the
following:

(22)

(23)

Es

Wy 9(& — o) 12
(o) 20
or (€ +?2 12
wy <€5 + 2> ’ @)
P 3(& —ew)
“_E_(8S+2)(8m_1)' @9

Considering ., = eopt and & = erHy, all those characteristic parameters are readily
determined by only using the dielectric constants obtained in the optical and THz
spectroscopic measurements. This feature is particularly advantageous as a unified
model for the assessment of physical properties of different glass materials.

3.5.2 Comparison between theory and experiment

We analyze the measured dielectric properties of different glasses by using the
relations described above. The renormalized characteristic frequency wr corresponds
to the characteristic resonance wavelength 1 as used in Section 3.4 through
wt = 2nc/Ao. All the characteristic parameters, NP, w,/wo and wt/wo and 4, are
obtained by using Egs. (25)-(28) and the result is summarized in Table 3.

In Figure 11, a set of three-dimensional maps are shown to visualize the behaviors
of (a) &, (c) wr/wo, (e) €, and (f) a parameter on the planes of NP, and w, /wo.
Figure 11 (b) and (d) show the values of (b) & and (d) wr/wo which have been
obtained from the experimental data of & and .. As is realized in Figure 11e and also
in Eq. (22), €., is independent from the ionic contribution and is determined solely by
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Glass €THz  Eopt a o> (x10° THZ?) &5-€, NP, oo orlwg Ip Ref
ZNbKLSNO1 13.54 3.27 0.868 6.39 1026 1294 1.061 0.583 0.465  [25]
ZNbKLSNO5 13.69 3.20 0.947 571 10.49 1271 1.075 0.576 0.476  [25]
ZNbKLSN10 13.32 3.24 0.850 3.65 10.08 1.282 1.063 0.585 0.468 [25]
PbNKLSNO1 870 246 1.23 222 6.238 0984 1.084 0.646 0.544 [25]
PbNKLSNO5 9.24 2.66 1.09 2.80 6.585 1.067 1.064 0.644 0.515 [25]
PbNKLSN10 876 234 1.38 2.66 6.421 0927 1112 0.635 0.572 [25]
Silica 3.84 213 0.808 1.710 0.822 0.799 0.841 0.437 [12,25]
Pyrex 4.43 216 0.954 2270 0.837 0.874 0.804 0.477 [12,25]
BK7 6.30 231 114 5.44 3990 0.912 1.002 0.721 0.524 [12,25]
SK10 8.47 262 1.03 221 5.844 1.053 1.042 0.665 0.508 [12,25]
SF10 10.30 2.99 0.896 1.85 7311 1197 1.035 0.637 0.472 [12,25]
SF6 12.67 3.28 0.841 2.02 9.398 1294 1.046 0.600 0.458 [12,25]
Table 3.

THz and optical dielectric parameters determined for a variety of glasses (vef. [25]).

the polarization due to the valence electron contribution. In contrast, & is
controlled by both the electron and ion contributions, and it increases rapidly as
those contributions become larger, as is displayed in Figure 11a. The contours
delineated for NP, < 3 and w,/@o < 3"? on the base planes in Figure 11b and d
indicate the limits of existence of & where the catastrophic collapse of glass phase
occurs and the dielectric constant diverges to infinity. In Figure 11b, measured data
of & are displayed for various silicate oxide glasses and also for two La:
chalcogenide glasses (S1 and S5 in Table 2) [16, 24, 25]. As for OFS glasses, only data
for x = 5 are shown for avoiding complexity of the figure. The comparison between
figures (a) and (b) indicates a good correspondence between the experimental and
calculated results for all glasses. More precise comparison has been reported in [25].
Since chalcogenide glasses are known to be highly covalent in comparison with silicate
oxide glasses, they appear at locations with higher NP, and lower , /@ than for
silicate oxide glasses.

In Figure 11c and d, calculated and measured values of wr/wo are shown (for
OFS glasses, x = 5 only) with a different viewing angle for the ease of observing
the overall trend. It is clearly seen that as the electronic and ionic contributions
increase, the characteristic frequency exhibits a severe softening (lowering) toward
the catastrophic boundary where wr becomes zero and ¢, diverges to infinity. As
shown in those figures, the experimental data support the calculated trend. This
softening behavior of wr/wo corresponds to the diverging increase of the THz
dielectric constant, and this feature can be used for detecting the characteristic
change of dielectric property. Figure 11f shows the behavior of @ parameter as
evaluated by Eq. (28), which exhibits a non-monotonous variation in contrast to the
behaviors of & ande...

Those results suggest that the dielectric parameters in the glasses examined here

are influenced primarily by the ionic vibration originated polarization ((a)p / a)o)z) but

precise parameter values are modified by the valence electron polarization effect
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Figure 11.

A variety of the dielectric parameters (a), (b): &, (c), (d): wr/wo, (€): €x, and (f): a = P; /P, plotted on the base
planes of NP, and w, | wo. Plots in (a), (c), (), and (f) show the vesults calculated by using Eqs. (22)-(24), and
plots in (b) and (d) show measured &; and wr/w, evaluated from measured e; and ., values using Eqs. (25)—

(28). (ref. [25]).

(NP,). This explains the reason of data scattering in the & versus ¢, relationship as

noticed in Figure 7, and accurate values of NP, and (a)p / a)o)2 should be taken into
account for exact fitting. Precise comparison has confirmed the consistency between
the model and experiment, as has been described in Ref. [25]. This indicates that
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values of all key parameters necessary for the analysis can be determined simply from
Egs. (25)—(28).

Here, we look at the behavior of 4 parameter in more detail. As is noticed in
Figure 11f, the envelope of a parameter variation drawn on the NP, — w, /@, plane is
warped differently when compared with the envelopes of ¢, (Figure 11e) and &,
(Figure 11a). Actually in Figure 7, the a parameter value, which is required for fitting
the Clausius-Mossotti curves and measured &, and ety data, exhibits a fairly com-
plicated behavior (e.g., double-valued e, for the same a; refer to Table 2) as already
mentioned above. Such a non-monotonous behavior of 4 is readily understood by
taking account of the difference in the envelope warp for a and ¢..: when NP,
increases, €., also increases, whereas a parameter can either increase or decrease
depending on the value of w, /wo.

We define here the polarization ionicity Ip which is expressed by:

P (@p/wm0)” 3e—e) _ a
P, +P; NP,;—I—(a)p/a)o)2 (& —1)(ew +2) 1+a’

Ip (29)

where Egs. (22)-(28) have been used. The values of I evaluated for different
glasses are included in Table 3. Figure 12 shows the overview of Ip behavior in the
NP, — w,/wo — Ip space, in which Ip exhibits monotonous variation and a diverging
behavior as seen for the 4 parameter (Figure 11f) is eliminated. Because of this nature,
although both parameters, 4 and Ip, represent essentially the degree of ionicity, Ip is
considered to be more useful for characterizing the ionic contribution in the low-
frequency dielectric constant of materials. For example, the discussion in Section 3.3
can be rephrased by using Ip instead of a(= Ip/(1 — Ip)) so that the ionicity effect is
expressed more explicitly.

3.5.3 Assessment of dielectric constant enhancement in OFS glasses

We have shown earlier in Figure 10 that ZNbKLSNd glass shows appreciably higher
g factor and significantly smaller 43 in comparison with those of most all other silicate
oxide glasses. However, g factor in Eq. (9) corresponds to (& — €. )wr? in Eq. (20) and

Figure 12.
Three dimensional view of the behavior of the ionicity contribution (Ip) to low-frequency dielectric constant in the
plane of NP, and w, | w.. (vef. [25]).
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this involves the contributions of both electronic (NP,) and ionic (@, /@) contribu-

tions, as is shown in Figure 11a and Figure 11b. Similarly, /1(2) corresponds to 1/wr?, and
this also involves both contributions. In contrast, it is indicated in Figure 11 that as the
electronic and ionic susceptibility amplitudes increase, the THz dielectric constant is
enhanced and the softening of the characteristic resonant frequency becomes severer.
These effects are strengthened significantly as the total susceptibility

(NPe + (a)p / a)o)z) comes closer to the catastrophic limit equal to 3, at which ¢,

diverges to infinity and wr/wo becomes zero. This unique feature is very useful for
distinguishing the mechanism of dielectric constant enhancement in different glasses.
Large &, enhancement in ZNbKLSNd glass is primarily due to the significantly
large electronic polarizability together with a reasonably high ionicity, which makes
its location in NP.-wt,w, plane considerably close to the catastrophic boundary. On
the other hand, in the case of PDONKLSNd glasses, although the ionicity
(Ir = 0.515 — 0.572) is much higher than for ZNbKLSNd glass (Ip = 0.465 — 0.476),
the electronic polarizability is smaller, and the overall susceptibility is not very close to
the catastrophic boundary, resulting in a limited enhancement of &,. Fused silica has
small polarizability and small ionicity (Ip = 0.437), and exhibits correspondingly
small &;. La:chalcogenide glasses (S1 and S5) included in Figure 11 for reference are
considered to be highly covalent, and their enhancement in ¢ is primarily due to their
electronic polarizability effect rather than the ionicity, which is consistent with their
optical dielectric constant &, much higher than other glasses (See Table 2). Dielectric
properties of other glasses are also interpreted by referring to their locations in the
NP,-or;wo plane.
Thus, the interplay between the electronic polarizability and ionicity
determines the dielectric constant enhancement, and this feature is clearly
visualized in the present analysis based on a precise single oscillator model.
Physical origin of the differences found in g and 2,2 behaviors in Figure 11 has
been clarified by this analysis. By combining these results with other microscopic/
macroscopic analyses, more detailed physical/chemical properties can be explored.
Characterization on some more properties such as the electronegativity [25],
bandgap energy [48] and infrared absorption spectra [30] is discussed in our recent
publications.

4, Conclusion

Newly developed OFS glasses have been characterized by using THz-TDS tech-
nique, and the highest THz dielectric constant (max. 13.7) and lowest THz absorption
loss (min. 5.6 cm ') in a series of multi-component silicate oxide glasses have been
demonstrated. It has been shown from the frequency dependence of the absorption
that the structural disorder-originated charge fluctuation are suppressed in the pre-
sent OFS glasses presumably due to fluorine’s structural relaxing effect, resulting in
the lowest absorption even for the highest dielectric constant in ZNbKLSNd glass.
Analysis based on a simplified single oscillator model has shown that ZNbKLSNd glass
exhibits oscillator parameters significantly different from those of PbONKLSNd glasses
as well as of other silicate oxide glasses. A unified analysis method based on a more
precise single oscillator dielectric model, which can distinguish the electronic and
ionic contributions, has been developed and applied to further characterization. Along
with this unified model, the polarization ionicity parameter has been introduced and
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confirmed to be a useful parameter to indicate the material’s ionicity. The dielectric
constant enhancement found in the silicate oxide glasses including OFS glasses has
been systematically interpreted by the interplay between the electronic polarizability
and material’s ionicity. Unique properties of ZNbKLSNd glasses have been attributed
primarily to their highest electronic polarizability. In contrast, the ionicity has been
found to be more influential to enhance the dielectric constant in PbNKLSNd

glasses. The present dielectric property analysis method based on THz-TDS technique
provides a powerful tool for characterizing detailed physical nature of a variety of
materials.
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Abstract

The demand for ultrahigh-speed, lightweight, low-cost, and defect-tolerant
electronic devices drives the industry to switch to terahertz (THz) technologies. The
use of two-dimensional (2D) materials has massively increased in THz applications
due to their appealing electronic and optoelectronic properties, including tunable
bandgap, high carrier mobility, wideband optical absorption, and relatively short
carrier lifetime. Several 2D-material-based emitters, modulators, and detectors have
been fabricated and examined. In this context, considerable research has been going
on for 2D-material-based THz emitting sources, including materials and device
structure to understand the electronics and optoelectronics mechanisms occurring in
the THz region. This chapter focuses on the 2D-material-based emitters with insights
into the background, the physical principle of photoconductive THz emitters, the 2D
materials’ properties, and the research trends in the fabrication and characterization
of the THz sources based upon 2D materials.

Keywords: 2D materials, terahertz devices, photoconductive THz emitter, 2D-material-
based emitters, THz emission

1. Introduction

When looking back into the IEEE Transactions on Microwave Theory and
Techniques, it is noted that “the first occurrence of the term terahertz (THz) in
this Transactions is attributed to Fleming [1] in 1974, where the term was used to
describe the spectral line frequency coverage of a Michelson interferometer” (page
1, [2]). Nowadays, THz radiation refers to those frequencies/wavelengths spanning
0.1-10 THz range (30-3000 pm) of the electromagnetic spectrum [3] (see Figure1).
However, due to generation and detection obstacles, the THz range remains one of the
least discovered spectra [2]. For example, these broadband waves, at relatively high
frequencies, cannot be emitted through conventional optical and electronic technolo-
gies due to the limitations on the wavelength band and the energy gap, respectively
[3]. Nevertheless, the advancements in these technologies have been utilized toward
assisting with the THz radiation by accelerating electrons and employing nonlinear
mediums [4].
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Figure 1.
Hllustration of the electromagnetic spectrum in which the terahertz radiation lies in between the infrared and
microwave radiations.

Terahertz technology’s interest and application have grown over the past years
[5]. The number of articles covering the application aspect of such a technology in
different fields has exceeded that of the challenges presented in THz technology (i.e.,
obstacles within THz generation and detection) [6]. This technology has found itself
in various scientific disciplines, from physics to biology and medical sciences [7]. The
technological applications are just as vast, including outdoor/indoor communications,
drug detection, security screening, semiconductor wafer inspection, semiconductor
large-scale integrated (LSI) inspection, agriculture, air pollution, DNA, biometrics,
medicine, and food [5]. Furthermore, this technology has continually evolved over
the years as new materials and operational mechanisms are being used for the detec-
tors and sources [8-10].

The THz sources can be classified under three categories: broadband sources
(pulsed techniques), narrowband sources (continuous-wave techniques), or incoher-
ent thermal sources [8]. Under these three categories, various sources of radiation
have been investigated. Examples of such sources are mercury, silicon carbide (SiC)
globar, cosmic background, quantum cascade lasers, photomixing devices (i.e.,
uni-traveling-carrier photodiode), free electron lasers, and backward-wave tubes
or carcinotrons [5, 8, 11]. More importantly, when it comes to fundamental science/
research, free electron lasers often stand out as they offer an improved signal-to-noise
ratio in addition to emitting high-powered terahertz light (i.e., 10 W) for specific fre-
quency ranges. Unfortunately, specific applications have strict limitations on the size,
weight, and cost; hence such a source cannot be tolerated, and from there, researchers
and scientists focused on investigating and improving other alternatives [5, 8, 11].

When looking into broadband THz emitters, it is noted that optical rectification
and photoconduction device mechanisms are often employed [8]. The photoconduc-
tive emitter is an optoelectronic device that consists of photoconductive materials,
photoconductive electrodes, and a lens to steer the emitted beam [3, 12]. While the
THz emission by optical rectification approach can be realized by using an electro-
optic (EO) medium and a nonlinear mixing, the use of ultrafast laser determines the
duration of the quasi-static nonlinear response and thus the envelope of the emitted
THz plus [13]. In the end, the photoconductive schemes can only be characterized
by the breakdown voltage, carrier mobility, carrier lifetime, and dark resistivity [3].
Furthermore, over the years, scientists and researchers have investigated different
materials for photoconductive schemes such as indium aluminum arsenide (InAlAs),
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indium gallium arsenide (InGaAs), gallium arsenide (GaAs), and a combination of
group III-VI materials [3]. Those examples were some of the most investigated materi-
als for photoconductive devices. Nevertheless, progress in nanofabrication technolo-
gies has enabled the discovery of other alternative materials (i.e., two-dimensional
(2D) materials) that could offer optimum photoconductive characteristics [14, 15].

Two-dimensional materials have shown massive progress over the last decade in
which their compelling/appealing electronic and optoelectronic characteristics make
them a potential alternative for THz applications. Such characteristics include high
carrier mobility, low carrier lifetime, tunable bandgap, ultra-broadband, optical
absorption, and response [14, 15]. Its electrical and optical characteristics could be
altered by changing their physical and chemical properties by introducing dopants
(i.e., Molybdenum disulfide), strain, or an electric field [14, 15]. Several kinds of
2D materials have been explored over the years, such as graphene, transition metal
dichalcogenides (TMDs), black phosphorus, and MXenes, in addition to other
prospective candidates (i.e., germanium sulphide (GeS), hexagonal boron nitride
(hBN), organic-inorganic hybrid perovskites, etc.) [15]. More importantly, several
kinds of 2D-material-based emitters have been fabricated and examined, as seen in
the literature [16-20].

This chapter will focus on 2D-material-based THz emitters with insights into
the background, the physical principle and principal components of THz emitters,
and the research’s trends in the fabrication and characterization of the 2D materi-
als devices structures. In Section 2, different structure designs of photoconductive
THz emitters are shown and discussed. In Section 3, the 2D material properties are
reviewed. This review includes its mechanical, structural, electrical, and optical pri-
orities. Ultimately, Section 4 presents the recent advances and development in layered
2D materials and heterostructures for THz emitters.

2. Photoconductive terahertz emitter

The THz emission by a photoconductive emitter can be performed using ultrafast
laser pulses and an applied bias field, Ej, taking into consideration the bandgap and
the breakdown voltage of the material. In general, The THz emission mechanism will
start under the optical excitation by ultrafast (femtosecond) laser pulses when it is
biased at a bias field, Ep. When the optical pulses of the laser (with a bandgap higher
than the band gap of the photoconductive material) hit the photoconductive gap, the
free carrier will be generated and the bias field, E}, drives the device to emit electro-
magnetic radiation at the THz frequencies [3]. The emission characteristics of THz
devices primarily depend on the characteristics of the photoconductive material used
and the design of the device. One of the promising materials is the 2D material, which
will be discussed in detail in Sections 3 and 4 of this chapter. First, the photoconduc-
tive designs are discussed in the following paragraphs. The photoconductive THz
emitter design can be classified into microstructure and nano(plasmonic) structures.

In the literature concerning microstructure photoconductive emitters, several
studies have presented the influence of the design on the emitter performance. Madéo
et al. adjusted electrode spacing of the interdigitated photoconductive antennas for
tunning frequency of THz. They used THz-time domain spectroscopy (TDS) to
measure the pulsed electric field and emission spectra. They observed that decreasing
the electrode gap from 20 to 2 pm has shifted the emitted spectra peak from 0.73 to
1.33 THz, and this demonstrated that faster space-charge screening of the bias field
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occurs as the electrode spacing is reduced [21]. In addition, our previous work on
the design and fabrication of photoconductive THz emitter based upon SI-GaAs and
SI-InP investigated the influence of the bow-tie antenna structure on the THz emis-
sion performance and found that there is a correlation between the structure sharp-
ness and the measured bandwidth of the photoconductive THz emitters [9].

In the nano (plasmonic) structures photoconductive emitter, Berry et al. presented
the plasmonic photoconductive THz antenna for the first time, as shown in Figure 2.
They related the new concept of the photoconductive antenna with the high quantum
efficiency, which led to a significant increase in the optical-to-terahertz conversion
efficiency [22].

Singh et al. fabricated an interdigitated photoconductive antenna, a THz emitter
that eliminates the need for micro-lens array focusing. This avoids the saturation
effect at a higher optical excitation density since photoexcitation can be done in larger
areas. However, the device was fabricated as a microstructure and compared with the
plasmonic structure device. The plasmonic photoconductive emitter emitted THz
radiation power twice as much at 200 mW optical excitation [23].

Yardimci et al. reported a high THz radiation power with a notable improve-
ment in optical-to-terahertz conversion efficiency [24]. They presented a novel
design for a photoconductive THz emitter based on plasmonic (nano-structured)
electrode. They enhanced optical-to-terahertz conversion efficiencies by a signifi-
cant margin by incorporating plasmonic (nano-structured) electrodes within the

(a)
Optical pump 2um
Terahertz o |
antenna
1pum
Terahertzradiation 3 [n; 25Gag g7AS Clinshbshs @i v @holes °el=:lruns‘
(b)
Optical pump B B A . )
T:::::Ez } 200 nm 1pum 1um
v* — v
£
ta
Terahertzradiation BingeGacahs  [DinosAbsAs  @IP  [FHAu @ holes °eluc|mns|

Figure 2.

(a) A microstructure photoconductive terahertz emitter with a photoconductive gap of 2 uym and (b) a
nanostructuve (plasmonic) photoconductive terahertz emitter based on nanoscale electrode with a spacing of
100-nm between the electrodes. © IOP publishing. Reproduced with permission. All rights reserved [22].
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photoconductive gap, this increased time-varying dipole moments. As a result,
about 1.6% optical-to-terahertz conversion efficiency was demonstrated, as the
radiation power levels were up to 3.8 mW at an optical pump power of 240 mW over
the 0.1-5-THz frequency range.

In addition, Berry et al. studied and fabricated the THz emitters within a logarith-
mic spiral antenna. The emitters were formed by an array of plasmonic photoconduc-
tive emitters, that were 3 by 3. Moreover, when optically pumped by 320 mW the
device emitted 1.9 mW of pulsed THz radiation over the 0.1-2 THz frequency range.
This design, as shown in Figure 3, offered much greater power THz pulses compared
to other plasmonic photoconductive THz emitters [25].

The saw-toothed plasmonic contact electrode’s structure has been studied by
Zhang et al. A power enhancement is observed using a saw-toothed plasmonic loga-
rithmic spiral photoconductive antenna (more than 10 times) [26]. The enhancement
is accosted with the strong electric field obtained by the novel structure, as shown in
Figure 4.

Chenet al. conducted an experiment on GeSn plasmonic THz photoconductive
antenna [27]. The experiment compared a bowtie antenna with an active area of
20 x 20 pm” and a gap size of 10 pm and plasmonic gratings with a spacing and pitch
size of 230 nm and 480 nm, respectively. The resulting bandwidth was up to 2 THz
and SNR was 50 dB. The GeSn plasmonic photoconductive antennas prototype was
fabricated through a metal-oxide-semiconductor.

In addition, based on surface plasmonic resonance (SPR), Zhiguang et al. [28]
proposed a nano cylinder array photoconductive antenna structure by analyzing the
interaction between incident light and substrate. It showed an 87% optical transmis-
sion into the GaAs substrate, which was 5.8 times the optical transmission of conven-
tional photoconductive antennas.

The field of design and fabrication of photoconductive THz emitters is massively
researched using III-V semiconductors. However, using of 2D materials for these
emitters is a promising field for study and research. Therefore, the upcoming section
will discuss the distinct properties of the 2D materials.

RET T T . Plasmonic contact electrodes

500 nm

————

(a) (b)

Figure 3.

The microscope (a) and SEM (b) images of the fabricated sample on an LT-GaAs substrate showing: (a) the
integration/combination of the plasmonic metal electrodes within the logarithmic spiral antenna and (b) the
metal electrodes. This figure is veprinted from vef. [25] with the permission of AIP publishing.
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Figure 4.
The microscope (a) and SEM (b) images of the fabricated sample show: (a) the integration/combination of the saw-
toothed plasmonic metal electrodes with the logarithmic spiral antenna and (b) the saw-toothed electrodes [26].

3. Properties of 2D materials

Two-dimensional materials have recently fascinated researchers’ attention due
to their distinct properties. Research over the last decade has made huge progress in
obtaining high-performance 2D materials. This section discusses the mechanical,
structural, electrical, and optical priorities of 2D materials.

3.1 Mechanical properties of 2D materials

The mechanical properties of 2D materials are paramount to uncovering aspects
of the material’s behavior and how the material will act under external forces. Hence,
it is vital to study the mechanical properties needed to discover the strong points in
2D materials and build novel applications and devices. The mechanical properties can
be studied theoretically by the density functional theory (DFT) and experimentally.
For example, graphene is a two-dimensional material. Graphene is the most robust
material ever, and its bandgap energy is zero eV, so the existence of graphene in
the semiconductor industry is limited. However, the TMDs, such as molybdenum
disulfide (MoS,), tungsten disulfide (WS,), molybdenum diselenide (MoSe;,), and
tungsten diselenide (WSe,), are potential alternative material of graphene due to the
presence of their bandgaps. As well in TMDs, bandgaps can convert from an indirect
bandgap in bulk into a direct bandgap in monolayer.

The properties of 2D materials have high anisotropy between the in-plane and
out-of-plane mechanical properties. The close atoms are linked together via covalent
bounds in the same atomic plane leading to low defects density and strong in-plane
mechanical properties. However, the out-of-plane are the interlayers that are stocked
together by weak van der Waals interactions. The layers can slide easily when shear
stress is employed [29]. Therefore, aside from graphene, the mechanical properties
of MoS, also have been studied in-plane. The measured in-plane stiffness and effec-
tive Young’s modulus of monolayer MoS, are about 182 + 14 N.m-1 and 280 + 21 GPa,
respectively, which is less than graphene’s stiffness [30]. In addition, Cooper et al. [31]
measured the stiffness theoretically depending on DFT and found that 2D Young’s
modulus of monolayer MoS, is 130 N/m and intrinsic strength is 16.5 N/m. As a result,
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it is unlocked for a broad of electronics and optoelectronics applications of monolayer
TMDs such as fixable sensors and the ability to tune the bandgap by applying external
strain.

3.2 Structural and electronic properties of 2D materials

Two-dimensional materials can be found in various forms, such as an element
(graphene), metallic compounds (MoS,, MoSe,, WS,, and others), nonmetallic com-
pounds (hexagonal boron nitride (h-BN)), organics (polymer), and salt (clays) [32].
The shapes of the material are bulk, monolayer, bilayer, or multilayer. The crystal
structure of TMDs is layered, and each layer consists of a hexagonal transition metal
atoms sandwiched between two planes of hexagonally arranged dichalcogen atoms.
The metal and chalcogens are covalently bonded within a layer stuck together by van
der Waals bonds [33]. Thus, all TMDs have a hexagonal structure [34]. The atomic
arrangement in the structure affects the electronic structure, vibrational modes, and
optical properties. The atomic arrangement was designed with a particular phase 2H
semiconductor phase, and metallic 1 T phase.

The 2D layered materials stacks are very different from the conventional bulk
3D heterostructures, as each layer acts simultaneously as the bulk material and the
interface, reducing the charge displacement inside each layer. Nevertheless, the
charge transfers between the 2D layers are massive. Thus, the band structure could be
engineered by inducing large electric fields. The band structure can be engineered via
alignment between the nearby crystals, number of layers, the type of the materials’
surface recombination, and charge transfer [35].

3.3 Optical properties of 2D materials

Engineering of the 2D materials’ optical properties can be achieved by changing
one (or more) of the parameters, including material thickness and material type/
structure, or by applying external strain [36]. The bandgap of 2D materials covers a
wide range: from zero band gap (semimetal such as graphene) to the insulator (wide
band gap). Thus, 2D materials are very attractive for optoelectronics applications,
such as emitters, detectors, and optical modulators [37]. Additionally, our earlier
work has established security applications as a promising field of optoelectronics
applications of 2D materials [38]. The bandgaps of 2D materials have been subject to
enormous studies experimentally (e.g., through photoluminescence) or theoretically
through (DFT) modeling. Ketolainen et al. theoretically calculated the optical gap
using the TD-HSEOQ6 approach for a wide gap range of 1-6 eV of various 2D materi-
als. The values agreed with the experimental optical gaps and the GW + BSE calcula-
tions. Figure 5 shows that the theoretical absorbance depends on the TD-HSE06
method, HSE06 functional, and PBE functional for P,, WSe,, MoS,, GaP, GaN, AIN,
CF, and BN [39].

3.4 Synthesis and fabrication of 2D materials

Since the successful isolation of graphene from graphite in 2004, enormous
efforts have been made to synthetize and fabricate 2D materials [40]. Typically,
synthesis methods are classified as top-down or bottom-up. The top-down method
involves isolation of a 2D layered sheet from bulk crystal using reduction methods,
such as mechanical cleavage, liquid vapor exfoliation, or electrochemical reduction.
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This illustrates the in-plane optical absorbance using the TD-HSE06 method, HSE06 functional, and PBE
functional for 2D layers: (a-h) P,, WSe,, MoS,, GaP, GaN, AIN, CF, and BN, respectively. Moreover, the figure
shows the experimental optical absorbance curves of WSe,, MoS,, and BN and the first excitation peaks in

the experiments (orange curve). The atomic structuves of the 2D materials are illustrated in the insets panels,
“reprinted (adapted) with permission from vef. [39]. Copyright {2017} American Chemical Society.”

In the bottom-up method, 2D material layers are produced from atomic or molecular
precursors. This method typically involves the use of advanced techniques, such as
molecular epitaxial growth (MBE), chemical vapor deposition (CVD), physical vapor
deposition (PVD), and pulsed laser deposition (PLD). A representative schematic of
2D materials synthesis is shown in Figure 6 [32].
Each bulk layer of 2D material consists of dangling bond-free layers that are
weakly bound to each other via van der Waals force. By using the mechanical
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exfoliation method, a single layer or a few layers can be isolated from bulk materi-
als. The applied force and adhesion to the exfoliation substrate should be controlled
and overcome the van der Waals force during the exfoliation process. Typically, the
mechanical exfoliation method produces the highest quality, higher crystallinity
with fewer defect densities, and less impurity contamination [41]. However, the
yield of this approach is very low and the method is time-consuming because of
the random nature of flake thickness, size, number of flakes, and surface morphol-
ogy is uncontrollable. Liquid exfoliation and chemical exfoliation techniques can
be used to overcome the low yield. However, the exfoliated materials produced
through these techniques are of relatively low quality and have small flake sizes.

To improve the yield, we coated SiO, substrate with a sub-5 nm polymeric poly
(vinyl alcohol) film thickness prior to exfoliation in our previous study [42].

The numbers and sizes of the produced flakes are much larger than those obtained
using the conventional exfoliation method while maintaining the quality of the
produced film.

As the exfoliation approach is limited in terms of large-scale production, various
material growth methods have been studied to produce large-scale 2D materials. Of
these, the CVD method is the most common because it allows large-scale and good-
quality 2D materials to be produced. In addition, it is a low-cost method compared to
MBE, PVD, and PLD. Typically, CVD is a high-temperature process used to synthe-
size various 2D materials on the substrate from solid, gas, or liquid precursor in a
tube furnace. Typically, graphene is grown on metal substrate (e.g., Cu or Ni) using
mixtures of gases. The transfer of large-area graphene films to a fabrication substrate,
such as SiO,, may lead to degradation of the electrical optical properties of the film.
Alharbi et al. described high-quality, large-sized monolayer WS, grown on SiO,
substrate using tungsten oxide (WO;) and sulfur (S) solid precursors [43]. Others
reported wafer-scale MoS, grown using metal-organic CVD [44]. Although these
growth methods are scalable and produce large-size films, the quality of the films

Mechanical cleavage Liquid vapour exfoliation Chemical synthesis

Sticky tape

Physical vapour deposition

Substrate

Precursor

Figure 6.
A schematic of various 2D synthesis processes [32].
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is lower than that of films produced using mechanical exfoliation. For example, the
produced materials using CVD method are polycrystals and suffer from grain bound-
ary and structural defects. Some of these defects may not be an issue in terms of THZ
applications, the defect that suppresses the carrier lifetime.

The direct growth of heterostructure is still a major challenge. The produced
heterostructures suffer from problems, such as uncontrollable growth directions,
low-quality materials, and limited material combinations. Thus, most 2D material-
based heterostructures are built using layer transfer methods. Suk et al. described the
transfer process of CVD-grown monolayer graphene onto other substrates [45]. A
deterministic dry transfer method for 2D materials that allows material positioning to
be controlled has also been developed [46]. This method led to explorations of novel
applications and new phenomena in 2D materials [46]. Moreover, a gold-assisted
layer transfer process has been developed to overcome the adhesion of CVD-grown
MoS; to SiO, and enable the controllable transfer of the film [47]. Although layer
transfer methods enable many novel heterostructures to be built, the sizes of these
structures remain limited.

From here, it is clear that 2D materials could become a promising alternative
for THz emitters. Therefore, the upcoming section will discuss the integration and
development of such materials for THz emission applications.

4, The 2D material-based THz emitters

The THz emitter is a key enabler of many THz systems. However, a wide variety
of alternative techniques have been developed for THz emissions, such as nonlinear
electro-optic crystal [48] and air plasma [49], to obtain THz waves of higher intensity
and especially broader bandwidth. Nevertheless, these sources do not meet the cur-
rent application demands. Thus, owing to their extraordinary electro-optical proper-
ties, the 2D materials-based emitter is trending in THz technologies and is expected to
solve this issue. This section will focus on 2D-material-based THz emitters, including
layered 2D materials and heterostructures.

4.1 Layered 2D materials

Two-dimensional materials such as graphene and MoS;, have very high carrier
mobility, surface conductivity, and a very short carrier relaxation time compared to
traditional semiconductors [50]. These unique advantages can open up many new
research ideas and dramatically improve device performance. Thus, 2D materials have
attracted enormous research interest for THz applications. The following subsections
discuss THz emitters based on layered 2D materials.

Graphene has attracted researchers’ attention since its first successful separa-
tion from graphite in 2004 due to its extraordinary proprieties. Several studies have
been carried out on graphene for THz applications. Graphene-based THz emitters
were introduced early in 2007, where optically or electrically pumped graphene was
expected [51, 52]. Then, a pumped THz laser with a Fabri-Perot resonant cavity
design based on an optically pumped graphene-heterostructure was proposed in 2009
[53]. Figure 7 illustrates the structure of the device where the optical excitation with
the energy of hQ generates electrons and hole pairs in the graphene and subsequently
acquires population inversion to generate THz radiation.
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Figure 7.
Schematic view of the laser structures with (a) Si separation layer (b) air separation layer, (c) laser pumping
scheme (d) electron and hole distribution functions. Figures were veprinted with permission from vef. [53].

With this in mind, a graphene-based THz laser based on optically pumped mul-
tiple-graphene-layer structures separated with a metal slot-line or a dielectric wave-
guide was proposed [54]. The THz lasing based on graphene P-i-n was demonstrated
under certain experimental conditions [16]. Additionally, graphene-based plasmonic
oscillator THz generators were proposed. Furthermore, it was found that tuning the
intrinsic plasmons of graphene can generate radiation up to 1 THz [16].

Moreover, the current injection graphene-based THz emitter has been dem-
onstrated to achieve higher power. Tong et al. demonstrated THz sources (1-3
THz) created with graphene field effect transistors, where the graphene has been
attached to a double-patch antenna and an on-chip silicon lens [55]. The fabricated
THz sources operate at room temperature and produce significantly higher power
than conventional THz sources. The graphene-antenna device was fabricated on
a high-resistivity silicon chip covered with a 300 nm-thick silicon oxide layer.
Then, they were bonded back-to-back on an elliptical silicon lens. The designed
antenna has a size of 45 x 31 pm. Graphene film was placed between the two metal
patches of palladium or gold. This double patch also served as the source and drain
contacts for the graphene transistor. According to their simulation results using a
high-frequency structure simulator (HFSS), the impedance spectrum indicates an
optimal operating frequency of 2.1THz. Therefore, the device can be used as a THz
emitter or detector.

Coherent THz emission from monolayer graphene has been reported by
Maysonnave et al. [56]. They experimentally demonstrated the process of exciting
the graphene by femtosecond optical pulses to generate THz emitting in the range
from 0.1 to 4 THz. The emission occurred because of a second-order nonlinear effect,
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which is dynamical photon drag that is induced by the transfer of light momentum to
carry through ponderomotive electric and magnetic forces [57].

Recently, Zhang et al. demonstrated a new hybrid photoconductive to overcome
the fundamental trade-off between picosecond ultrafast pulses power output. The
photoconductive switch was designed by optimizing a hot-carrier fast lane using
graphene on silicon. Because of the combination of the strong absorption in bulk
semiconductors with a graphene layer as a hot carrier fast lane, the proposed devices
emitted a high-power THz field, with up to 80 times amplitude improvement com-
pared to the devices without graphene [58].

4.1.1 Transitional metal dichalcogenides (TMDS)

Layered transitional metal dichalcogenides such as MoS, and WS, are a kind of
2D material that have remarkable optical properties. Unlike gapless graphene, TMDs
have tunable band gaps that can be changed from indirect to direct band gaps with a
number of layers.

Molybdenum disulfide (MoS,) is the most studied TMDs material owing to its
striking properties for optoelectronic applications. As the demand for the working
frequency of devices increases toward the THz region for high-speed applications, the
unique advantages of MoS, are expected to play a major role. For instance, the photo-
conductivity response time can reach 350 fs from CVD-grown monolayer MoS, and
1 Ps from trilayer MoS, and monolayer WSe, [59]. Huang et al. studied the THz pulse
emission from layered MoS, film. They observed that MoS, can generate from 0.1 to
3.5 THz radiation time-domain surface emission spectroscopy under the excitation of
linearly polarized femtosecond laser with the reflection configuration, as shown in
Figure 8(a). The radiation amplitude has a linear dependence on the incident pump
influence, which can confirm the second-order nonlinear process. Figure 8(b) reveals
that the single-cycle THz pulses produced from the three samples (MoS,, graphite,
and InAs) have similar waveforms [60]. However, the THz radiation of MoS, has
a longer pulse delay because of the combination of penetration depth and rugged
surface. Nevertheless, the research of TMDs-based THz emitter is ongoing and most

THz Electric Field (a.u.)

L Time (ps)
@ =7 (b)

Figure 8.

(a) Schematic illustration of THz vadiation in a veflection configuration. (b) THz pulses in time domain
produced from MoS,, graphite, and InAs layered crystal. “Reprinted (adapted) with permission from ref. [60].
Copyright {2017} American Chemical Society.”
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of the research focuses on optimizing and producing controllable various types of
TMDs for THz applications.

4.1.2 Topological insulator

Topological insulators (TIs) are promising 2D materials for the next generation
of optoelectronic applications. Among the TIs materials, Bi,Se; has attracted tremen-
dous research interest in the scientific community for THz emission. An efficient THz
emission from the Bi,Se; basal plane was observed upon femtosecond optical excita-
tion [61]. Moreover, Giorgianni et al. demonstrated that Dirac surface states in Bi,Se;
TIs induce a strong nonlinear THz response [62]. Additionally, surface crystallogra-
phy plays a major role in THz emission. For instance, Bi,Se; grown on Al,O; exhibits
an anisotropic response with a strong modulation of the THz while in its phase, while
its thin film grown on Si nanocrystals leads to THz emission in an opposite phase [63].

In another study, THz emission from Bi,Te; nanofilms was studied. In their study,
they used various thicknesses of Bi,Te; nanofilms grown on Al,O; substrates and
excited the film by femtosecond laser pulses [64]. An efficient linear polarization of
tunable THz radiation and high-quality chiral THz waves was demonstrated by con-
trolling the pump laser pulse polarization, incident angle, and sample azimuthal angle.

Furthermore, 2D-TIs alloys: binary, ternary, and quaternary with a specific
composition have been investigated in many studies [65, 66]. For example, Kuznetsov
et al. studied the THz emission proprieties of the Bi, ,SbyTe; ,Se, (BSTS) topological
insulators films grown by the MOCVD method on a sapphire substrate, with different
thicknesses and chemical compositions [65]. They conclude the THz radiation inten-
sity depends on the film thickness, and the highest THz radiation intensity observed
in the island film has a total thickness of about tens nanometers with a composition
close to the Ren’s curve.

Overall, the TIs antenna is very proposing for THz emitters because they are low
cost, extremely thin, and easy to integrate into nano-photonic devices. Also, their
conversion efficiency is comparable to state-of-the-art THz emitter and could be
further improved, for example, by applying plasmon gratings.

4.2 Heterostructures

Heterostructures promise to be an enabling key for novel optoelectronic devices.
There are two types of heterostructures: 1) Van der Waals (vdW) heterostructures are
composed of different 2D and 2) heterogeneous integration with traditional materials
and devices.

Van der Waals heterostructures and devices made by stacking different 2D crystals
on top of each other attract many researchers as their properties change, leading to
novel hybrid properties and enhancement of electronics and optoelectronic proper-
ties [42, 67]. Many THz emitters based on van der Waals heterostructures have been
proposed so far. MoS, monolayer sandwiched between two graphene films reveals an
extraordinary enhancement in the transient THz response compared to monolayer
MoS, and graphene [68]. The enchantment was attributed to the THz response in
this heterostructure produced from the sub-bandgap below the band gap of MoS,.
Moreover, THz pulses with a bandwidth of 2.5 THz have been reported based on
MoSe;, and ReS, vdW heterostructure [69]. In this study, they used different stacking
orders and measurement techniques to address the photocarrier dynamics. The emit-
ted THz pulse is reversed by the interchange of the stack ordered, indicating that the
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THz radiations originate from the plane current. The corresponding frequent spec-
trum of the waveforms has a peak at 1.0 THz and a bandwidth of 2.5 THz. Other vdW
heterostructures such as WS,/hBN have also been studied for THz photoconductivity
[70]. Far infrared and THz emitting diode also has been proposed based on graphene/
black phosphorus (BP) and graphene/MoS, by Ryzhii et al. [71].

One of the advantages of 2D materials is that they are easy to integrate with tradi-
tional optoelectronic materials, systems, and devices. These heterogeneous integra-
tions enable many novel phenomena and applications, particularly in the THz regime.
Typically, the incorporation of 2D materials into other structures is accomplished by
either direct growth or thin-film transfer methods. Graphene transferred to SiO,/Si
substrate was used to study the THz emission spectroscopy on the graphene-based
interface and evaluate the interface build-in potential and trapped charge dynamics
[72]. In fact, various heterogeneous integrations for many THz applications including
MoS,/Si and direct growth of Bi,Se; onto GaAs substrate [50, 73].

The most advanced type of heterostructure-based THz emitter is the spintronic
emitter, which offers many advantages, including ultra-broad bandwidth, high effi-
ciency, and ease of control of radiation parameters through polarization, amplitude,
and phase. Typically, the THz emitter devices are made of ferromagnetic and non-
magnetic (FM/NM) thin metal film heterostructures to generate the THz radiation
when the heterostructures are irradiated with optical femtosecond laser pulses [74].
One of the main advantages of 2D materials is the presence of spin-orbit coupling,
which is critical for spintronics THz emitters [75, 76].

An efficient spintronic THz emitter based on ferromagnet/heavy metal/topologi-
cal insulator heterostructures was demonstrated. The THz radiation amplitude of the
Co/Bi/Bi,Te; heterostructure increases by 198% compared to the device without an
intercalated Bi film, as shown in Figure 9 [77].

Highly efficient THz emission from the Bi,Se;/Co heterostructures modified
with ultrafast spin injection has been reported [78]. The Bi,Se;/Co heterostructure
reveals a much larger THz pulse amplitude compared to a single film. Moreover,
efficient spin current injection from Co to monolayer MoS, at Co/MoS, structures
via THz emission has been demonstrated [79]. The sample was irradiated with 50 fs
linearly 800 nm laser pulses and the magnetization direction of Co was controlled
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Figure 9.

(a) The schematic of the experimental measurements for THz radiation on the Co/Bi and (b) normalized
THz peak amplitudes as a function of Bi film thickness. “Reprinted (adapted) with permission from vef. [77].
Copyright {2021} American Chemical Society.”
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(a) The THz radiation obtained by various structuves in time domain and (b) the correspondent frequency
spectrum [80].

by an external magnetic field. The detected THz radiation from Co/MoS, is strong
and has an amplitude of ~2% compared to the THz emission of 1-mm thick ZnTe
at the same pump fluence. Ultimately, increasing the efficiency of WSe,/FeCo
heterostructures, spintronics THz emitter has been demonstrated in reflection
geometry [80]. Figure 10 compares the THz radiation of various samples to unveil
the enhancement of the THz emissions.

Overall, the 2D materials have been investigated toward high THz radiation
efficiency as well as reduce the cost of the photoconductive materials. However, 2D
materials are still awaiting full exploitation. Although the device fabrication is very
similar to other materials-based emitters, many challenges still remain to realize
efficient THz devices, such as obtaining materials with very high charge carrier
mobility, low cost, and scalable. For instance, a number of research activities start
on other new materials, such as gallium telluride (GaTe) [81]. Moreover, many 2D
materials preparation and fabrication technologies are discussed in Section 3.4
to address many challenges related to the quality of the produced materials and
scalability.

5. Conclusion

This chapter presented the 2D-material-based THz sources, particularly the
photoconductive THz emitter. Several 2D materials have been employed as photocon-
ductive materials and device structures. First, the chapter covers the basic principle of
photoconductive terahertz emitter and the properties of 2D physical materials. In the
end, the chapter discusses the 2D material-based THz emitters, where many forms of
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2D materials and device structures are presented, including layered 2D materials and
homogenous and heterogeneous heterostructures.
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Chapter 5

Graphene-Based Plasmonic
Terahertz Laser Transistors

Taiichi Otsuji

Abstract

This chapter reviews recent advances in the research of graphene-based plasmonic
terahertz laser transistors. Optically or electrically pumped graphene works as a gain
medium in the terahertz frequency range. The author’s group theoretically discovered
this fact and experimentally verified the single mode terahertz emission, as well as
broadband terahertz amplified spontaneous emission from fabricated graphene-chan-
nel field-effect transistor (GFET) laser chips. However, its lasing threshold tempera-
ture was low (100 K) and emission intensity was weak. To drastically improve the
laser performance, the introduction of graphene Dirac plasmons (GDPs) as the gain
booster is promising. The author’s group found a novel way to promote the current-
driven instability of the GDPs in an asymmetric dual-grating-gate GFET, demon-
strating room-temperature amplification of stimulated emission of terahertz
radiation with the maximal gain of 9% which is four times larger than the quantum-
mechanical limit when terahertz photons directly interact with graphene electrons
without excitation of the GDPs. The author also proposes the active controlling of the
parity and time-reversal symmetries of the GDPs as a paradigm towards ultrafast
direct gain switching in the GFET lasers. Future directions to unite the gain seed
and amplifier sections in a single GFET structure will be addressed with several
feasible scenarios.

Keywords: graphene, plasmon, terahertz, laser, transistor, instability,
PT-symmetry

1. Introduction

Exploitation of the electromagnetic resources in the terahertz (THz) spectra is
the fundamental need to envision a real-world future smart society based on inno-
vative information and communication technology (ICT) which will be led by the
next generation 6G and 7G wireless communication systems [1]. However, the THz
region is still under exploration due to substantial physical limitations for both
electron devices such as transistors, and photonic devices such as lasers [1, 2]. Low-
power consumed, integrated, room-temperature operating novel solid-state THz
laser devices is the critical demand for the brighter future society [3]. In such a
situation, graphene, a monoatomic layer of sp*-bonded carbons in a honeycomb
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crystal lattice, has drawn considerable attention due to its unique and superior
carrier transport, optical, and plasmonic properties since it has been discovered
[4-9].

Electrons and holes in graphene hold a linear dispersion relation with zero
bandgap, resulting in extraordinary features like massless relativistic Dirac
fermions with back-scattering-free ultrafast transport [4-6] as well as the negative-
dynamic conductivity in the THz spectral range under optical or electrical pumping
[9-11]. The author’s group succeeded in single-mode emission at 5.2 THz and 1-8-THz
broadband amplified spontaneous emission at 100 K from fabricated graphene-
channel laser transistors [12]. However, its gain and output intensity are thoroughly
limited by the absorption coefficient of monolayer graphene below 2.3% [9, 11]. To
break through the substantial limit, graphene Dirac plasmons (GDPs) open a
pathway toward the realization of intense THz laser transistors operating at
room temperatures with dry-cell battery [7, 13, 14]. The physics behind the GDPs
is the current-driven instabilities giving rise to self-oscillation and coherent
amplification in the THz electromagnetic spectra [15-18]. In this chapter, the theory
and experiments for graphene-based plasmonic terahertz laser transistors are
reviewed.

2. Graphene THz laser transistors under current-injection pumping
2.1 Theory and modeling

When the intrinsic graphene is optically pumped with a photon energy 7€,
where 7 is the reduced Planck constant and Q is the angular frequency of photon,
interband transitions lead to the generation of “hot” photoelectron-photohole pairs in
the distance equal to the photon energy at above and below the Dirac point for the
electrons and holes, respectively (Figure 1). At room temperature, these photo-
excited “hot” electrons and “hot” holes are quasi-equilibrated with the low-energy
conduction electrons and valence holes around the Dirac point at the ultrafast time
scale of tens of femtoseconds due to the carrier-carrier scattering resulting in the
quasi-Fermi distribution (Figure 1) [11, 19]. As a result, the quasi-Fermi level of
electrons and holes split and shift below and above the Dirac point, respectively. At the
same time, the high-energy electrons and holes, lose their energy by emitting optical
phonons. Thus the quasi-Fermi distribution, which is originally widely spread in the
energy space, gets concentrated around the Dirac point. This results in a rapid
recovery of the quasi-Fermi level on a picosecond time scale [19]. After the energy
relaxation via the optical phonon emissions, the non-equilibrium electrons and holes
may lose their energies via the “interband” optical phonon scattering, impurity—/
disordered scattering, as well as the acoustic phonon scattering, or they recombine.
Compared to the aforementioned “intraband” optical phonon scattering, these scat-
tering and recombination processes have much longer relaxation times. Therefore, the
nonequilibrium carriers are piled up around the Dirac point if the pumping intensity is
sufficiently high. This is the carrier population inversion, in which the quasi-Fermi
levels for electrons and holes shift above and below the Dirac point, respectively
(Figure 1). The Auger-type three-particle scattering processes are theoretically for-
bidden in the ideal graphene [20], but they might dominate in the disordered low-
quality graphene and/or under intense pumping leading to significant many-body
effects [21]. Thus, the Auger-type scattering is recognized as a killer of the carrier
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Figure 1.

Graphene and its carrier energy relaxation dynamics under optical pumpinp. (a) Real-space lattice image from
bulk graphite (left) to graphene (vight). (b) Energy band structure of graphene. (c) Carrier energy relaxation
dynamics of intrinsic graphene under optical pumping. When graphene is optically pumped with a photon energy
hQ photoelectron-photohole pairs are generated at the level h<3/2 above and below the Dirac point, and then
followed by ultrafast carrier-carrier scattering and then optical phonon scattering. Adapted with permission by
IEEE from Ref. [11].

population inversion [22]. However, the carrier population inversion in the THz
frequency range has been experimentally observed in prolongated long time more
than 1 ps after a rather intense pumping with a high photon-energy (~1.5 eV)
picosecond laser pulses in high-quality epitaxial graphene even at room
temperature [23]. This result encouraged us to explore the creation of the graphene
THz lasers/amplifiers.

Optical pumping suffers from significant heating of the electron-hole plasma
suppressing carrier population inversion. The electron-hole plasma, however, can
be cooled down if the pumping photon energies are sufficiently low. Recently
rigorous theoretical modeling and calculation of the Auger scattering rate including
many-body effects of Coulomb interactions reveal that the Auger scattering is sub-
stantially suppressed when carrier temperature is maintained at or below room tem-
perature [24]. In this situation, current injection pumping is the idealistic way to
suppress the carrier heating decreasing the pumping threshold because the pumping
energy could be of the order of millielectron volts in a graphene p-i-n junction
structure [10, 11].

A dual gate p-i-n structure using a graphene-channel field effect transistor (DG-
GFET) has been proposed as the simplest current-injection THz graphene laser struc-
ture (Figure 2) [10, 12]. The conductivity profiles calculated for the typical dimen-
sions and applied bias conditions demonstrate the advantage of current-injection
pumping compared to optical pumping. The optical conductivity of the graphene
channel under the gates and drain biases is given by [10, 12]:
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Figure 2.

DG-GFET (dual-gate graphene-channel field effect transistor). Top view (left), cross-sectional view (vight
upper), and a band diagram under complementary dual gate bias and forward drain-source bias condition getting
population inversion and resultant spontaneous THz emission (right lower). A distributed feed-back (DFB) laser
cavity is incorporated in the toothbrush-shaped dual gate electrodes in which the distance between the gates is
periodically modulated to modulate the gain coefficient, producing resonant modes to the THz photons propagating
along the DFB cavity (in plane DG finger divection). The DFB period gives the resonant mode frequencies and the
modulation depth and the number of periods give the quality factor of the cavity [12].
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where 6" and ¢I™*" are the intraband and interband components of the conduc-
tivity, respectively, e is the elementary charge, &5 is the Fermi energy reflecting the
carrier doping level by applying Vy, 7 is the carrier momentum relaxation time, kg is
the Boltzmann constant, and T is the temperature [10]. The gate biasing (£V,)
controls the injection level, whereas the drain bias (V) controls the level of popula-
tion inversion (the amount of shifting the quasi-Fermi levels of electrons and holes).
To minimize the undesired tunneling current lowering the injection efficiency the
distance between the dual gate electrodes should be sufficiently long. When the
carrier momentum relaxation time is rather long (z = 2.0 ps) and carrier injection
level is pertinent at V, = 1.0 V, an even weak Vy, produces a net gain (negative
conductivity) in a wide THz frequency range (Figure 3a) [12]. The situation dramat-
ically changes when the value of z becomes short (down to 0.1 ps); in this case, the net
gain almost disappears (Figure 3b) [12]. As a consequence, the high-quality graphene
having a picosecond-order value of 7 is mandatory to obtain a net gain in the THz
range. It is noted that the maximal available negative conductivity is limited below
¢’/(4h) corresponding to the interband absorption coefficient (@ = ze*/(ch) ~ 2.3%)
of monolayer graphene [9].

2.2 Experiments

The author’s group designed and fabricated the DG-GFETs incorporating a
distributed feed-back (DFB) type internal cavity, demonstrating the world-first
observation of single-mode lasing from GFETs at 5.2 THz at 100 K (Figure 4) [12].
The graphene used in the GFETSs is non-Bernal-stacked a few layers of high-quality
graphene synthesized by the thermal decomposition of a C-face 4H-SiC substrate. The
GFET was fabricated using a standard photolithography and a gate stack with a SiN
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Figure 3.

Real part of the conductivity spectra of a complementary dual-gate bias DG-GFET at 300 K with varying
drain-source bias voltage. The vertical axis is normalized by the fundamental conductivity (e2/4h),

which corresponds to 2.3% absorbance of monolayer graphene. Vg (= — Vg1 = +Vg2) = 1.0 V. (a) 7 = 2.0 ps.
(b) t = 0.1 ps. Adapted with permission by the authors under the creative commons attribution CC-BY 4.0
international license from Ref. [12].

dielectric layer providing an excellent intrinsic field-effect mobility exceeding
100,000 cm?/Vs at 300 K. A pair of toothbrush-shaped gate electrodes was patterned
to form a DFB cavity in which the active gain area and corresponding gain coefficient
were spatially and periodically modulated. The THz single mode lasing was observed
at around 5.2 THz with an emission intensity as high as 0.1 pW and with a linewidth of
31 GHz under pertinent complementary DG biases (+V;;) and V4, conditions serving
the carrier population inversion in good agreement with numerical simulations
(Figure 4a). A different sample with the identical design on the same wafer exhibited
an amplified spontaneous broadband emission ranging from 1 to 7.6 THz at 100 K
with a maximal emission power of 80 pW (Figure 4b).

2.3 Discussion toward introduction of graphene plasmons

Figure 4 shows the variation of THz emission characteristics stems from a poor
THz photon field confinement and resultant weak gain overlapping. Numerical anal-
ysis well reproduces such a variation when a wide fraction of the carrier momentum
relaxation time of graphene carrier under weak gain overlapping conditions is
assumed [12, 25]. Improvement in the gain overlapping by introducing a plasmonic
waveguide for dense THz photon field confinement as well as on the cavity quality
factor by increasing the number of the DFB periods and the DFB modulation
depth will lead to more intense lasing at higher temperatures approaching 300 K
[25]. Also, the introduction of the GDP dynamics is a promising way to
dramatically increase the THz net gain and quantum efficiency of the GFET lasers.
Due to the extremely slow-wave nature (by two orders slower than the speed of
light) of the GDPs [7, 8]. Once THz photons couple with the graphene plasmons,
photons may propagate along the population-inverted graphene as plasmon
polaritons having the plasmon velocity so that the interaction between the THz pho-
tons and graphene carriers is dramatically enhanced in proportion to the ratio of the
speed of photon to that of the plasmon, well exceeding the aforementioned quantum-
mechanical limit of 2.3% per layer of graphene [26]. A giant gain enhancement of up
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Figure 4.

Measured emission spectra from fabricated DFB-DG-GFET samples. (a) Electron scanning and optical
microphotographic images of a fabricated sample. (b) Single-mode emission at ~5.2 THz at 100 K with

a ~ 0.1 uyW and a minimal linewidth of ~31 GHz from one fabricated DFB-DG-GFET sample. (c) Amplified
broadband spontaneous emission in a frequency range from 1 to 7.6 THz at 100 K from a different DFB-DG-
GFET sample. The threshold operating temperature stays in between 100 and 150 K. Adapted with permission by
the authors under the Creative Commons Attribution CC-BY 4.0 International license from Ref. [12].

to 50 times as high as that without graphene plasmons has been experimentally
observed in the THz range [27].

3. Graphene-plasmonic instabilities for THz amplification
3.1 Theory and modeling

Unlike plasmons in the bulk, two-dimensional plasmons have a wavenumber
dependence, and when they are localized only by an in-plane crystal field on a two-
dimensional surface (non-gate-controlled plasmons) or electrostatically by an external
vertical electric field (gate-controlled plasmons), as in a transistor gate structure, their
dispersion relations are different [7, 28]. Furthermore, the plasmon dispersion relation
is different between ordinary two-dimensional electron systems, which have a qua-
dratic dispersion relation due to the existence of electron effective mass, and Dirac
two-dimensional electron systems, which have linear dispersion due to the

104



Graphene-Based Plasmonic Terahertz Laser Transistors
DOT: http://dx.doi.org/10.5772 /intechopen.111562

disappearance of electron effective mass, such as electrons in graphene [28]. How-
ever, for the electron concentration, the plasmon energy is proportional to the 1/4
power of the electron concentration due to the peculiarity of the linear dispersion of
the Dirac electrons [7, 28]. When plasmon is localized in the element structure, the
plasmon mode stands at a specific frequency determined by the structural dimensions
and the plasmon velocity, and if the structural dimensions are less than or equal to the
average free pass of the electrons, the plasmon coherency is conserved and plasmon
resonance is promoted.

When plasmon is excited in a two-dimensional electron system traveling in direct
current within a limited region such as the channel in a transistor, the difference
between the electron drift velocity and the plasmon velocity modulates the spatio-
temporal density of the plasmon. At the boundary edges of this region, although the
electron travel is guaranteed its continuity by the current continuity condition, the
plasmon (plasma wave) is subject to reflection due to impedance mismatch at the
boundaries. As a result, a standing wave is generated by the superposition of the
forward-traveling waves and the reflected backward waves. When the singular or
multiple wavelength(s) of the plasma waves meet the channel length, the amplitude
of the plasmon increases divergently with each repeated reflection, and the plasmon
falls into an unstable state. This phenomenon is called plasmon instability and is a self-
excited oscillation phenomenon that occurs when the DC energy of the electron is
converted to plasmon energy near the resonance frequencies [15, 28].

Plasmon instability has multiple mechanisms for its occurrence, depending on
the relationship between the electron drift velocity v; and the plasmon velocity s.
Under the condition v,; <s, which is generally established, there are two types of
instability; Dyakonov-Shur (D-S) instability [15] and Ryzhii-Satou-Shur (R-S-S)
instability [16]. In case of the D-S instability, the plasma wave amplitude increases
with each reflection at the open end where the reflection coefficient is close to 1
due to the Doppler shift effect associated with the asymmetry of the plasmon
boundary, whereas the R-S-S instability is caused by electron bunching effects due to
electrons traveling at different drift velocities inside the plasmon resonator at high
electron concentration and outside the resonator at low electron concentration. At the
boundary where the drift velocity exceeds the plasmon velocity, v, >s, a plasmon
shock wave type instability (plasmonic boom instability) [17] as well as the R-S-S
type, and furthermore, within a periodic electron concentration modulation structure,
a Cherenkov-type instability, where the plasmon bunching is divergently enhanced,
are observed, respectively [17].

We have proposed a graphene-channel field-effect transistor with an “asymmetric
dual-grating-gate” (ADGG-GFET), in which a broadband antenna mechanism that
efficiently couples terahertz electromagnetic waves and graphene plasmon are woven
into the transistor electrodes [29]. The ADGG consists of two independent gate elec-
trodes, G1 and G2, arranged in an interdigitated manner (Figure 5a). A high bias is
applied to one G1 to accumulate highly concentrated electrons in the channel region
below G1, and a Dirac potential is applied to the other G2 to deplete the channel region
below G2, periodically modulating the electron concentration in the channel
(Figure 5b). In this situation, when a DC bias is applied to the drain, the electron drift
velocity is also periodically modulated in response to the spatial distribution of the
electron concentration in the channel to preserve the current-continuity condition.
As a result, the plasmon instability described above is excited. The high electron
concentration region functions as a plasmon resonator, leading to the self-excited
oscillation of plasmon near the plasmon resonance frequency. The plasmon itself is a
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Figure 5.

An example of numerical analysis of plasmon instability in an ADGG-GFET. (a) A bird’s eye schematic of an
outlook of the ADGG-GFET. (b) Spatial density modulation of electrons in a unit section of the ADGG structure.
The high-electron-density rvegion underneath G1 works as a plasmonic cavity whereas the low-electron-density
region underneath G2 serves a high-speed electron transit region and works to excite plasmons in the cavity.
Adapted with permission by Amevican Physical Society from Ref. [30]. (c) Numerically simulated temporal
evolution of the longitudinal electric field intensity after turning on the DC drain bias beyond the threshold level,
leading to coherent self-oscillation at the frequency of plasmon resonance determined by the cavity length Lg, and
the electron densities in the cavity. Adapted with permission by American Physical Society from Ref. [30].

non-radiative evanescent wave, but it is converted into an electromagnetic wave
through the antenna mechanism of ADGG, leading to free-space radiation. If the
plasmon cavity length (width of each finger) of the gate grating electrodes is set to
submicron dimensions, self-excited oscillation in the THz band can be obtained. If a
THz wave with a frequency component near the oscillation frequency is injected from
the outside, the injection locking synchronization phenomenon will be activated and
the self-excited oscillation will coherently synchronize with the injected terahertz
wave. As a result, an amplification of the stimulated emission of the incident terahertz
wave is obtained. Therefore, it can be said that the graphene plasmon instability can
cause coherent resonant amplification of electromagnetic waves. We have success-
fully modeled the plasmonic electromagnetic response of the ADGG-GFETSs and
numerically verified the occurrence of THz self-excited oscillation phenomena
originating from graphene plasmon instability (Figure 5c) [30].
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3.2 Experiments

To demonstrate the light amplification of stimulated emission of THz radiation by
excitation of graphene plasmons as described above, we fabricated a prototype
ADGG-GFET with the help of 2-DTech Corp. Graphene sheets of the highest quality
and hexagonal boron nitride (hBN), which is widely used as a chemically inert and
mechanically stable material that less deteriorates graphene carrier transport, were
deposited on bulk graphite and bulk hBN materials, respectively, by a peeling and
transfer method and then sequentially. The hBN layer completely seals the top and
bottom surfaces of the graphene channel. Source and drain electrodes were formed by
edge-junction with graphene channels, whereas the gate electrodes were formed by
electron beam lithography and a lift-off method. The amount of doping of the entire
graphene channel can be back-gate controlled from the backside of the substrate. The
finger length of the gate, which determines the plasmon resonance frequency, was
differentiated between the two gates of the ADGG, and by selecting the gate that
accumulates electrons when a high bias is applied, two resonator lengths can be
evaluated in a single FET. Two prototype FETs with two different characteristic
dimensions were evaluated for a total of four resonator structures C1 to C4 with
different dimensions of 0.5, 0.75, 1.0, and 1.5 pm (Figure 6a). Measurements of the
DC transfer characteristics confirmed the good ambipolar properties characteristic of
bandgap-less graphene. The field-effect mobility extracted from the DC properties
showed excellent values above 30,000 cm?/Vs [13, 14].

The temporal response of the transmitted wave of the prototype ADGG-GFET to
an incident terahertz pulse was measured by varying the DC voltage applied to the
drain terminal using terahertz time-domain spectroscopy (TDS). To excite graphene
plasmon resonance, in which the resonator structure is defined along with the shorter
dimension corresponding to the gate finger of ADGG, it is necessary to align the
polarization axis of the incident THz pulse in the channel direction. We controlled the
incident terahertz pulse to be linearly polarized and verified the effect of plasmon
excitation for two conditions: parallel and orthogonal polarization axes in the channel
direction. All experiments were performed at room temperature.

First, the THz pulse response of ADGG-GFETs was measured with no drain bias
applied. As a result, a strong resonant absorption property with an absorption rate
exceeding a maximum of 16%, originating from a clear plasmon resonance, was
measured only when the polarization axis of the incident terahertz pulse was aligned
in the channel direction. When the polarization axis was orthogonal to the channel
direction, a Drude absorption spectrum associated with free carrier absorption with a
monotonically decreasing absorption rate with increasing frequency was observed
(Figure 6b).

Next, the same experiment was conducted by gradually increasing the drain bias.
As the drain bias increased, the resonance absorption decreased with a redshift
(decrease in peak frequency). When the drain bias reached the first threshold level,
the absorption turned to be fully transparent over the entire observed frequency band.
When the drain bias was further increased to reach the second threshold, it turned
into a resonant amplification characteristic. As the drain bias was further increased,
the resonant amplification showed a blueshift (increase in peak frequency), and the
amplification ratio increased up to 9% (Figure 6c). Asynchronous components such
as self-excited oscillations associated with plasmon instability, for example, are not
detected in principle. Therefore, the obtained amplification effect can be understood
as a coherent light amplification of stimulated emission of the incident THz wave
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Figure 6.

Experimental results of THz temporal and frequency response of fabricated ADGG-GFETSs using a TDS method.
(a) Electron microphotographs of fabricated samples and their Drude-like absorption spectral characteristics
under drain-unbiased conditions where plasmon is not excited with incident polarization (designated with red
arrows) perpendicular to the ADGG finger. Adapted with permission by the authors under the Creative Commons
Attribution CC-BY 4.0 International license from Ref. [13]. (b) Electron microphotographs of fabricated samples
and their resonant absorption spectral characteristics under drain-unbiased condition where plasmon is excited
with incident polarization (designated with ved arrows) parallel to the ADGG finger. Adapted with permission
by the authors under the Creative Commons Attribution CC-BY 4.0 IInternational license from Ref. [13].

(c) Resonant absorption and amplification spectral responses when drain biased is varied from o up to ~1 V.

radiation, in which the DC power energy supplied by the application of a DC drain
bias is converted into an induced amplification component via the onset of plasmon
instability.
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The redshift observed in resonant absorption can be understood as the normal
Doppler effect since the electron drift velocity increases with drain bias, while the
blueshift observed in resonant amplification can be understood as the reverse Doppler
effect. This effect means that the frequency response can be actively modulated and
controlled by graphene, which is a discovery of a potential mean of new terahertz-
band signal processing functionalities with a significant impact on the related engi-
neering and industrial fields.

The experimental results of up to 16% absorption and 9% amplification of
graphene greatly exceed the upper limit of quantum efficiency obtained by the
direct interaction of photons of incident electromagnetic waves with graphene
electrons, i.e., 2.3%, which corresponds to the optical absorption associated with
direct interband transitions. The drain bias dependence of the obtained resonant
dispersion properties is in good agreement with the properties in the plasmonic
boom and Cherenkov-type instability that have been theoretically clarified. On the
other hand, the drift velocity of graphene electrons with drain bias and the
plasmon velocity were extracted, and the drift velocity was always lower than the
plasmon velocity, suggesting that the operating mechanism of the plasmon
instability is the expression of the D-S type and R-S-S type instabilities and that the
plasmonic boom and Cherenkov-type instability were ruled out. In response to this
contradiction, we newly modeled the plasmon dynamics of ADGG-GFETSs and
analyzed their properties, and found that the resonance dispersion properties
observed even under conditions where the drift velocity does not exceed the
plasmon velocity could be caused by the R-S-S type instability [13]. It is also suggested
another possibility of the occurrence of a different type of new instability mechanism
called Coulomb-drag instability of GDFs [31-33] of GDFs which we have recently
discovered.

3.3 A discovery of a new instability mechanism in GFETs

Recently, we have discovered a new instability operating mechanism based on the
Coulomb drag interaction of graphene Dirac plasmons [31-34]. The upper limit of the
kinetic velocity of graphene Dirac fermions (GDFs) is defined by the slope of the band
linear dispersion, i.e., the Fermi velocity vp (~10® cm/s even at RT), which enables
extremely high and micron-order long-distance ballistic transport even at room tem-
perature [35]. At the same time, GDFs have extremely high viscosity, higher than that
of honey, and the electron-to-electron scattering due to Coulomb interaction is
extremely strong [36]. Due to these unique properties of GDFs, which are separated
from the massive electrons in existing semiconductors, in the GFET structure with a
channel length of less than a micron order under consideration, if GDFs are injected
from the source end, they are transported in a ballistic manner in the ungated intrinsic
region and reach the gate region with extremely high kinetic energy with the velocity
of vr. As a result, the quasi-equilibrium electrons (QEs) that aggregate in the gate
region undergo strong Coulomb interaction with the ballistic transport electrons
(BEs). Together with the high viscosity property of the GDFs, they are transformed
into quasi-equilibrium drag electrons (DQEs) that enter a so-called drug state
(Figure 7a and b) [31]. If the drain bias is applied weakly to the extent that the
potential slope between the gate and drain is inverted from the slope of the forward
potential between the drain and source, the inverted potential slope will cause QEs to
be injected back into the channel from the drain end as depicted in Figure 7a. This has
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Figure 7.

Coulomb-drag instability of graphene Divac plasmons. (a) Bird’s eye view of the device structure and related band
diagram under a sufficient gate bias and a pertinent drain bias condition to promote the instability. Adapted with
permission by Wiley-VCH GmbH from Ref. [32]. (b) Cross-sectional device structuve and carrier flow. BE:
ballistic electron, QE: quasi-equilibrated electron, DQE: dvagged quasi-equilibrated Electron. (c) Typical channel
current versus drain bias voltage at a gate-bias-dependent Fermi level of 60 meV for different temperatures of 10,
16, and 25 meV. Adapted with permission by American Physical Society from Ref. [31]. (d) Typical impedance
when the Coulomb-drag instability is promoted in a GFET. The vertical axis is normalized to the i-region
vesistance. The fundamental plasmon vesonant mode is charactevized by the gated channel length and the electron
density in the gated avea at 1.07 THz. Adapted with permission by Wiley-VCH GmbH from Ref. [32].

the effect of reducing the channel current as the drain potential rises, resulting in
negative differential conductivity (Figure 7c) [31, 32].

The channel currents consist of ballistic transport electron flow BE, quasi-
equilibrium electron flow QE, and quasi-equilibrium drag electron flow DQE by
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GDFs. Under such a situation, the current continuity was modeled by Kirchhoff’s law,
and the DC current-voltage characteristics and AC impedance were analytically
obtained [31-33]. As a result, we theoretically discovered that, first, assuming micron-
order GFET structure dimensions, extremely strong negative differential conductivity
characteristics can be obtained in a wide THz band even at room temperature
(Figure 7c) [31], and that the GFET gate region functions as a graphene plasmonic
coherent oscillator in the THz frequency range (Figure 7d) [32, 33].

Second, in dual-gate GFETSs, if a p-i-n junction is formed in the channel by apply-
ing complementary gate bias, the slope of the p-i-n junction with the application of
drain bias becomes linear and steep, resulting in the valence electron holes in the p
region and conduction electrons in the n region forming a Zener Klein tunneling [37],
resulting in strong Coulomb drag as ballistic transport electron holes, and that this
graphene tunneling transistor (GTT) also exhibits strong GDP Coulomb drag insta-
bility comparable to or stronger than that of single-gate GFETs (Figure 8) [34].
Moreover, the discovered instability has no high-speed requirement for carrier
velocity in the plasmon resonator region, and the instability index under real device
conditions is several times higher than other instabilities currently known (the
Doppler-shifted D-S type, the Cherenkov-boom type, and the electron velocity
modulation R-S-S type), and the prospect of achieving THz radiation intensity of
100 uW or higher under room temperature has been analytically demonstrated [34].

The Coulomb drag effect has been originally considered in a double-layered
graphene structure in which two independent graphene are separated by an atomi-
cally thin insulation layer and electrostatically coupled working as a graphene
nanocapacitor [38]. Our finding that the drag effect can take place even in a single
graphene layer brings the effect into a simple GFET structure, diversifying its func-
tionalities. In principle, the Coulomb drag mechanism can promote the plasma wave
generation in the periodic GFET structures analogous to the previously considered
two-stream instability systems with ballistic carrier flows and quasi-equilibrated non-
traversing carriers in massive compound semiconductor heterostructures [39]. How-
ever, these classical massive 2D electron systems cannot totally mediate such a strong
Coulomb drag effect as in GDFs due to their poor carrier transport properties. In
summary, in the proposed GFET system, the critical differences and advantages over
previous implementations are (i) the extraordinary transport properties of GDFs,
which allow for ballistic transport over micrometers in graphene channels even at
room temperature, and (ii) the strong Coulomb drag effect via the strong Coulomb
inter-carrier scattering of GDFs.

3.4 Actively controlling the PT-symmetry of graphene Dirac plasmons

In quantum mechanics, it was discovered that even non-Hermitian Hamiltonians
can provide realistic solutions if the system preserves the parity and time-reversal
(PT) symmetries [40]. The author introduces active controlling of the PT symmetry
to our original DGG-GFET structure by applied voltages and demonstrates a
100-Gbit/s-class ultrafast gain switching operation [11].

The PT symmetry can be expressed by a pair of complementary gain and loss
mediums (Figure 9), leading to a perfect transmission property (unidirectionality)
[41]. We first numerically confirmed such an anisotropic wave propagation in a PT-
symmetric plasmonic metasurface by using a simple toy model of a transmission line
consisting of a series of the unit kinetic-inductance/electrostatic-capacitance/Drude-
conductance circuitry (Figure 10a), clearly reproducing the unidirectionality
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Promotion of Coulomb-drag instability in a tunnel GFET. (a) Bird’s eye view of the tunnel GFET structure and
its band diagram under a strong drugged condition. (b) The change of the band diagram from a weak to a strong
drag state. (c) Numerically calculated real part of the impedance normalized to the i-vegion resistance. Plots no. 1,
2, and 3 ave the cases for the gate-bias-dependent plasmon mode frequency of 1.15, 1.3, and 1.4 THz, respectively.
Adapted with permission by American Physical Society from Ref. [34].
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gain and loss elements, demonstrating its unidirectionality of electromagnetic wave propagation having a normal
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the signal is incident from the loss port. Adapted with permission by the authors under the Creative Commons
Attribution CC-BY 4.0 International license from Ref. [11].

Gain g Loss A: Incident from Gain
A"B Il Normal

,--L ----- - ----------- \ g Reflectlonl'l'ransmlssmn

= =

0 Space (cell)—500
B: Incident from LOssS
| Extraordm\al \ \!

RATEIAEAY

\\
Q Pel‘fec Tran\s\nqlsswn

£
pai

vg s"ace(ce"’@ 0 Space (cell)=500

(a) (b)

Figure 10.

Transmission line modeling of a PT-symmetric system and numerical analysis for reproducing is a unidivectionality
chavacteristic. Adapted with permission by the authors under the Creative Commons Attribution CC-BY 4.0
International license from Ref. [11]. (A) A toy model for a PT-symmetric system in a distributed transmission line
circuitry whose central cove unit is given by the non-zero sinusoidal complementary gain-loss conductance element.
(B) Spatio-temporal phase mapping of propagating the electromagnetic wave, demonstrating anisotropic,
extraordinary perfect transmission when radiation is incident from the loss port.

(Figure 10b). When the GDPs in a DGG-GFET become unstable under forward-
drain-biased, complementary DGG-biased conditions, the GDP metasurface is
represented by a series connection of unit cells of the instability-driven gain section
and the carrier-depleted loss section (Figure 11).

113



Trends in Terahertz Technology

Conductivity: g2>0 o1<0 o2>0 o1<0
Loss Gain Loss Gain
Electron: Depleted Doped Depleted Doped
oo G2 1Ciln =G Zammmm 2Ciln v
\ TERENTIESTVEN | [N 7, \ SIS TR,
asmonidamping; Cavity Plasmonidamping

N
N
»
N

ann SRS | ATATATA A S Ay Y2 (11
{Source © " Electron transit___Drain

velocity modulation

Plasnon & bunching

> > Electron flow

Figure 11.

Implementation of active control of the PT symmetry in a DGG-GFET in a case of R-S-S type GDP instability to be
promoted. Adapted with permission by the authors under the Creative Commons Attribution CC-BY 4.0
International license from Ref. [11].

We numerically analyzed the transient response of a DGG-GFET to reveal how fast
its laser cavity Q values are electrically controllable by using self-consistent simulation
based on quasi-classical Boltzmann equation (Figure 12) [30]. The drain bias V4 was
turned on at time zero. The electric field intensity, which is mainly applied to the
depleted electron-transit region, was set at 0.8 kV/cm. The equivalent electron velocity
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Figure 12.

Numerically simulated temporal evolution of GDP field activated by the dc-current-driven PT symmetry turned
on att = o ps for different momentum relaxation times v of GDFs reaching the self-oscillation at the GDP mode
frequency in a picosecond time scale. Adapted with permission by the authors under the Creative Commons
Attribution CC-BY 4.0 International license from Ref. [11].
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Figure 13.

Numerically simulated, temporally evolved spatial distribution of the carrier velocity in the DGG metasurface
under THz self-oscillation promoted by the current-driven GDP instability. Adapted with permission by the
authors under the Creative Commons Attribution CC-BY 4.0 International license from Ref. [11].

is estimated to be 4 x 107 cm/s at the field-effect mobility of 50,000 cm®/Vs. Figure 12
plots the temporal evolutions of the longitudinal electric field in the GDP cavity for 7 =
1.0, 2.0, and 3.2 ps. Originally the graphene metasurface with zero-V,, is entirely lossy.
With increasing V; and the level of current injection pumping the GDP instability
started to be promoted as is demonstrated in Figure 6¢c. When the instability-driven
gain becomes balanced to the loss in the depleted region, the system becomes PT-
symmetric. Further increase of V,; makes the level of instability-driven gain surpass that
of the loss, resulting in THz self-oscillation of radiation emission. The important feature
is its ultrafast transition speed within 10 ps duration. As is seen in Figure 12, the
superior property with a longer 7 value exhibits faster turning on with stronger field
intensity of THz self-oscillation. Even for a rather moderate 7 value of 1 ps the result
demonstrates still fast transition to the stationary stage oscillation within 10 ps
corresponding to the single-bit time slot for the 100 Gbit/s data rate.

Figure 13 plots the temporal variations of the microscopic spatial distribution of
the electron velocities in the unit cell of the GDP metasurface after more than 10 ps
passed from the triggering where the field becomes the stationary state. The red-
colored plotted region corresponding to the depleted region underneath G2 where
GDFs travel fast clearly reproduces coherent oscillatory modulation, manifesting
ignization of GDP-instability driven THz self-oscillation.

4. Possible scenario toward graphene plasmonic THz laser transistors
operating at room temperature

Based on the previous discussion, the author proposes a possible design of a
graphene plasmon THz laser transistor based on the DGG-GFET structure as depicted
in Figure 14. Suppose DGG G1 and G2 are complementary biased for bipolar (electron
and hole) injection and forward biased between drain and source. The proposed
device consists of a series of unit sections including the photonic seed section and the
plasmon gain section. The photonic seed section generates spontaneous THz photons
by current injection pumping, and the plasmon gain section amplifies the spontaneous
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Figure 14.

A graphene plasmonic THz laser transistor structure of the author’s proposal consisting of a series of unit sections
including the photonic seed and the plasmonic gain sections. Adapted with permission by the authors under the
Creative Commons Attribution CC-BY 4.0 International license from Ref. [11].

THz photons mediated by GDP instability. As described in Section 3.4, the idea of
controlling the PT symmetry of the DGG-GFET metasurface helps to improve their
performance and functionality such as ultrafast gain switching modulation.

The photonic seed section is selectively weakly doped (indicated by “-n” in
Figure 14) in the wide ungated spacing of the photonic seed section to maintain a nearly
flat band and retain inverted carriers in it under a slightly stronger drain bias voltage that
promotes GDP instability in the plasmon gain section. This can be configured by selective
weak n-type doping, but it may also be technically challenging. Electrostatic doping with
back-gate biasing is a mature solution, but it is not easy with epitaxial graphene thermally
decomposed on SiC substrates because it requires ultra-thin semi-insulating SiC sub-
strates. Another method is chemical doping, but it has problems such as unintentional
doping to other parts of the substrate, degrading the crystallinity, and shortening of
carrier momentum relaxation time. Recently, a new technique has been developed to
synthesize high-quality few-layer epitaxial graphene on single-crystalline SiC thin films
grown on Si wafers [42]. Precise control of the epitaxially grown graphene layers also
remains a challenge, which could be addressed by introducing microfabricated SiC sub-
strate technology that can spatially limit the epitaxial area [43]. New ideas for such
advanced devices and process technologies are the subject of future research.

5. Conclusions

In this chapter, the theory and experiments toward graphene-based plasmonic
THz laser transistors were reviewed. The THz region is still under exploration due to
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substantial physical limitations for both electron devices such as transistors and
photonic devices such as lasers. Low-power consumed, integrated, room-temperature
operating novel solid-state THz laser devices are the critical demand for a brighter
future society. This is the reason why graphene, a monoatomic layer of sp2-bonded
carbons in a honeycomb crystal lattice, has drawn attention due to its unique and
superior carrier transport, optical, and plasmonic properties since it has been
discovered in the mid-2000s. Electrons and holes in graphene hold a linear

dispersive energy spectrum with zero bandgap, resulting in extraordinary features
like massless relativistic Dirac fermions with back-scattering-free ultrafast

transport as well as the negative-dynamic conductivity in the THz spectral range
under optical or electrical pumping. The author’s group succeeded in single mode
emission at 5.2 THz and 1-8-THz broadband amplified spontaneous emission at

100 K from current-driven graphene-channel laser transistors. However, its gain and
output intensity are thoroughly limited by the absorption coefficient of monolayer
graphene below 2.3%. To break through the substantial limit, graphene Dirac
plasmons (GDPs)opened a pathway toward the realization of intense THz laser
transistors operating at room temperatures. The physics behind the GDPs is the
current-driven instabilities giving rise to self-oscillation and coherent amplification
in the THz electromagnetic spectra. The author’s group designed and fabricated
ADGG-GFETSs and demonstrated room-temperature THz amplification with a
maximum gain of 9% which was four times larger than the quantum mechanical limit
when THz photons directly interact with GDFs via interband transition. The results
obtained well suggested that these impactful results were due to the light amplifica-
tion of stimulated emission of THz radiation promoted by the GDP instabilities.
Active controlling the PT symmetry of the GDPs is a new impactful technological
trend to be able to implement the ultrafast direct gain switching functionality to the
graphene plasmonic THz laser transistors. Furthermore, the author’s group discovered
a new mechanism of instability in GDPs called Coulomb-drag instability. The theo-
retical analyses suggest that the amplification gain could exceed the level of other
existing mechanisms of instability. At this moment, however, the new mechanisms of
the last two topics have yet to be experimentally verified, which is expected to be
disclosed in the near future.
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Chapter 6

Introduction to the Biological
Effects of Terahertz Radiation

Robin-Cristian Bucur-Portase

Abstract

Terahertz (THz) radiation has been noted to affect biological organisms to a
unique degree with various effects ranging from modifications brought to protein
activity to epigenetic changes that lead to altered metabolism or reproduction. These
effects are classified into thermal and non-thermal, with the former being caused by
THz’s capacity to induce localised thermal changes while the latter involves more
complex interactions with cells’ macromolecules which are poorly understood.
Terahertz’s ability to enhance actin polymerisation and alter gene expression leads to a
number of possible applications in agriculture, as it has been observed that certain
plant species have higher growth speeds post-exposure, and medicine, with cancer’s
rapid division being possibly slowed down.

Keywords: terahertz, histology, cytology, genetics, medicine, agriculture

1. Introduction

Terahertz radiation (T-rays or THz) is known for inducing various changes in
biological macromolecules and structures despite being a form of non-ionising radia-
tion [1]. Genetic changes, metabolic shifts and general alterations in cells’, tissues’ and
whole organisms’ functioning and structure have been recorded [2-5]. Research is still
in its early stages surrounding this type of radiation’s effects and as such its
documented effects are not very well understood.

THz is known for inducing thermal and non-thermal changes in biological tissues.
In most cases, it is unclear which of the types of alterations occur or whether it is a
combination of the two that gives rise to the observed phenomena. In some instances,
the entirety of the energy provided by THz gets transformed into thermal energy.

An important factor surrounding terahertz’s effects is the presence of water in the
organism exposed. Its absorption coefficient is 300 cm ™" at 1.5 THz which makes it a
powerful T-rays absorption material [6]. Thus, in some instances, water can act as a
shield or as an agent that exclusively stops non-thermal effects but enhances the latter
form of energy transfer, all being reliant on the proportional quantity of water present
in the tissue analysed.

To account for the thermal effects of THz, a heat transfer model can be developed.
For preliminary characterisation of its effects on biological materials the relationships
that describe the rate of heat generation and rise in temperature suffice.
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The following protocol has been adapted from multiple sources. See [7-10].
Due to the air-skin interface representing an optical system of two very different
mediums, the refracted beam’s angle can be found by applying Snell’s law:

n15in 6, = n, sin 6y 1)
where 7, and 7, are the refractive indexes of air and skin, respectively, and ¢; and

0, are the incident and refracted angles, respectively.
Next, the Fresnel equation helps determine how much THz power is lost to reflection:

Ry —» <mnz(91 —0s)  sin?(6) — 92)) )

~2\tan?(01+62)  sin?(6, + 67)

where Ry is the THz power lost due to reflection or specular reflectance.

It should be noted that Rg increases exponentially for angles of incidence greater
than 60 degrees.

After accounting for this reflective loss, the final spectral flux that passes through
the tissue is provided by Lambert-Beer’s law:

q)ekf —ud
A = bl _ (—ud) 3)
(De,K,o

where A is absorbance, @, ;s is the final spectral flux, @, ;, is the initial spectral
flux of the beam that hits the skin, y, is the absorption coefficient, and d is the
distance traversed by the radiation. It is worth noting that a new set of equations is to
be applied each time the medium changes to account for the different refractive index
(n) and tissue absorption coefficient (u,). Moreover, the Poynting vector’s relation-
ships may also be of use in calculating the value of the final spectral flux (@, ;f):

CI)e,fzJ (|S|) cos 0142 (4)
s

where @, ris the final radiant flux, (|S]) is the time average of the Poynting vector,
01 is the incident angle of the beam, and A is the area of tissue exposed.
The final spectral flux is then obtained by applying the relationship:

B, r o 00, ¢ )
e\ — on
The equations surrounding the rise of temperature in biological tissues are
governed by the following formula:
R(x,9,2) = Hy(%,9,2) Pe,if (%, 2) (6)

where R is the rate of heat generation at a point of Cartesian coordinates x, y, 2 in
the tissue measured in Wnm %, y, is the local absorption coefficient, and @, ¢ is the
radiometric spectral flux. After finding the value of R, the equation that describes the
increase in temperature can be used:

R(x,y,2)At
AT(x,y,2z) = (xi% @
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where AT is the localised temperature rise, At is the duration of the exposure, p is
the tissue density, and ¢ is the tissue’s specific heat capacity.

Egs. (6) and (7) describe optical phenomena taking place for one point of Carte-
sian coordinates x, y and z. To adapt them for a tissue area, the average THz absorp-
tion coefficient of the tissue and the spectral irradiance need to be calculated. The
latter is obtained using the following relationship:

0D, 5 f
0A

Ee,/lf = (8)

where A is the area exposed.

For more advanced modelling of the heat transfer of THz in tissues, the Pennes’
bioheat equation and its Cartesian transformation can be used in modern computa-
tional and simulation techniques. Discussing these, however, is beyond the scope of
this chapter.

Moreover, taking into account the complex interaction between water and
terahertz radiation, a complete model describing heat generation would require taking
into account rotational transitions, dielectric properties of water and the coupled
oscillating electric and magnetic fields’ inter-relational excitations through a system of
several equations such as Debye’s model, Maxwell’s set, Newton’s cooling and Von
Neumann’s. Multiple accepted models may arise just as in the case of the mathematical
relationships used to describe the phenomena that occur with microwave heating [11].

2. Interaction with animal tissue and cells

To properly interact with mammalian organisms’ tissues, terahertz radiation must
first bypass the skin. The degree to which T-rays penetrate through the epidermis is
not fully known due to the under-characterised optical properties of melanin,
sulphated proteoglycans and other major components of the epidermis. The dermis,
unlike its superficial homologue, has a composition that is very rich in glycosamino-
glycans that are capable of holding large amounts of water molecules which impedes
the passage of terahertz radiation. This makes it behave very similarly to free water
from a reflectivity point of view [12]. Moreover, different concentrations and types of
melanin drastically influence the optical properties of the dermis [13, 14].

There are conflicting reports regarding the importance that collagen has regarding
skin THz absorption. In one study, it was found that isolated skin collagen has an
insignificant response to T-rays [12]. In another, the authors found that the heat
denaturation of collagen fibres is directly related to a decrease in the absorption
capabilities of the dermis [15].

While THz can interact wildly differently with different organisms, there are a
couple of effects that occur irrespective of the structure exposed. These include the
formation of reactive oxygen species (ROS), reactive nitrogen species (RNS), cellular,
nuclear and lysosomal membrane destabilisation and general hyperthermic shock
responses [16-21].

T-rays also affect the structure and activity of various proteins and enzymes [22].

Moreover, terahertz radiation has been placed under the spotlight due to its
observed effects on genetic material. Specifically, it manages to break the hydrogen
bonds that hold double-stranded DNA together by creating interference within its
double helix structure through presumed nonthermal effects [23]. This type of EM
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radiation is also capable of demethylating various genes with a wide range of effects,
showing promise as a potential cancer treatment [24]. It has also been shown capable
of inducing histone H2AX phosphorylation in human skin fibroblasts, effects which
last for at least 24 h [25]. THz has even been reported to induce aneuploidy in human
lymphocytes [26] and of changing the gene expression of mouse stem cells so that
they more readily differentiate into adipocytes via the activation of the transcription
factor peroxisome proliferator-activated receptor gamma (PPARG) [27].

Additionally, terahertz radiation is capable of interfering with intracellular actin
structures. There exist conflicting reports with some authors suggesting that THz
collapses actin filaments [28] while others claim an enhancement of actin fibrils
lengthening dynamics [29]. It has also been observed that cellular division is inhibited
via actin-mediated interferences [30].

3. Medical implications
3.1 THz as a data acquisition tool

Terahertz radiation has seen applications in laboratory environments, helping
detect the presence and concentration of various biomolecules with fine precision.
The main method used is spectroscopy which has various subsets such as vibrational
and attenuated total reflection [31-36]. Considerable advances have been made with
regard to THz analysis techniques of biomolecules in aqueous environments [37].

THz spectroscopy is very precise, being able to distinguish between different
enantiomers and going as far as identifying the different hydrogen isotopes present
within the structures of amino acids [38]. It is also able to assess the configuration and
hydrogen bonding of various molecules [39]. Finally, by coupling T-rays to various
subwavelength probes, a resolution that reaches angstréms can be achieved [40, 41].

There are also numerous claimed applications for terahertz radiation in iz vivo and
ex vivo medical analyses such as biopsies and dental scans [42, 43]. Various tissues
interact differently with THz. Skin and adipose tissue have similar absorption coeffi-
cients but both differ from muscles. The main determining factor seems to be water
content [44]. Thus, terahertz scanning methods should be able to distinguish between
different tissues or even cell types based on their hydration, complementing existing
medical screening techniques.

Several materials do not interact strongly with THz and could be used in diagnostic
and laboratory scans. Such an example is high-density polyethylene (HDPE)

(Figure 1).

Acrylic is not very suitable due to its peak absorbance coefficient reaching values
of 15 cm ™. Cycloolefins seem to be the optimal window material choice, as they
display close to no optical interaction with THz. Other materials such as teflon have
very low absorption spectra but should not be used due to their environmental and
health impact [45].

3.2 Curative and toxic properties

Terahertz radiation has also seen therapeutic usage. It can demethylate cancer cells
and increase the speed of regeneration at injuries’site [46-48]. It has even been found
to be beneficial against psoriasis [49] and in the recovery from an acute ischemic
stroke [50].
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Figure 1.
THz absorption spectrum of HDPE. Image owned by the author. See notes for more information.

However, the use of these therapeutic effects faces barriers due to the adverse effects
often caused by terahertz radiation exposure. Most reports describe general inflamma-
tion responses and apoptosis that have been recorded across a vast array of cell types
and species. Loss of adhesion to basal membrane, cellular permeability increases, lysis
and marked increases in cell growth factors and cytokines have all been connected to T-
rays exposure, although these seem to mainly stem from its thermal effects [51-53].
However, there are also reports that contrast these findings, albeit very few [54, 55].

Nervous tissue cells in particular have been found to release their intracellular
proteolytic enzymes and suffer membrane protein changes under THz. No great mor-
phological changes such as axon number or size have been recorded [56, 57]. Various
types of neurons also show different reactions to T-rays as seen by their marked changes
in neurotransmitter production [58]. There also seems to be a threshold of 0.15 THz
under which exposure will not induce any detectable adverse reactions [59].

3.3 Other uses

It has been reported that terahertz radiation can be successfully used to sterilise
liquids [60].

4. Effects on plant and fungi matter

4.1 Plants

There are very few studies that investigate the use of terahertz radiation on plants.
The few that do exist have mostly shown variable effects. Depending on the dosage,
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there has been an increase, decrease or no change in the growth rate of adult plants
[61]. Meanwhile, a report shows that dry wheat seeds exposed during their dormant
state and with no additional T-rays received afterwards have a lowered rate of suc-
cessful germination contrasted by variable growth speed changes [62].

The absorption coefficients of starch, chlorophyll and other plant compound have
been determined [63-67]. Moreover, the separation of seeds based on their bacterial
blight resistance or genetic modifications has been described [68, 69].

4.2 Fungi

There is almost no literature on the effects of THz exposure on fungi with the
exception of one report that found an increase in cellular growth in the S. cerevisiae
yeast [70].

5. Environmental effects

Terahertz radiation may be able to penetrate the soil to a considerable depth and,
having in mind its effects on tissues of animals and plants alike, disturb local ecolog-
ical systems. This raises concerns regarding the rising trend of new agricultural tools
that implement this type of EM radiation as a means to keep track of plant develop-
ment or soil content in microplastics [71-76]. Locations suffering from a generally dry
climate or desertification are at the highest risk of being affected by THz due to the
lack of water that could otherwise act as a barrier.

6. Conclusion

The general applications and risks of terahertz radiation usage on living matter
prove this type of EM radiation particularly interesting. With applications including
cancer treatment and detection, enhanced agricultural output, increased tissue healing
and new genetic engineering tools, the technology may lead to an improvement in most
scientific fields surrounding biological organisms. However, the lack of understanding
of how THz exhibits its effects on living matter remains this field’s weakest point.

The most important steps that should follow are the precise determination of the
health effects of exposure to terahertz radiation, taking into account the induced
genetic, metabolic and structural changes surrounding both short- and long-term
exposure. Characterisation of thermal and non-thermal effects would be the following
step to better understand the full complexity surrounding its mechanism of action.
Moreover, any experiments performed should outline all the important variables
pertaining to them in a standardised fashion. These factors must include the fre-
quency, intensity, source of terahertz, whether the samples are exposed to continuous
wave (CW) or pulsating lasers, any temperature changes and the water content. This
list is not exhaustive.
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