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Preface

This book discusses the technology to manipulate terahertz (THz) electromagnetic 
waves, including imaging, sensing, and optoelectronic studies. THz imaging and 
sensing technologies are specified based on the technique of coherently pumping 
and probing THz-electric-field oscillation with a femtosecond laser. Compared to 
visible and infrared ray technologies, it is not so straightforward to resolve the prob-
lems of diffraction limit and special modulation signals. THz signals in imaging and 
sensing technologies are useful for sensing biological water as well as for inspecting 
food. Furthermore, microstructures of photonic crystal fibers can both confine THz 
waves and target samples with the largest overlapping sections and power response. 
For optoelectronic technology, various models of material polarization waves in 
solid media are presented in the THz frequency range to approach efficient emission 
and detection. These optoelectronic models discussed in this book involve nonlinear 
optic detection, effects of various electrode patterns, high electron mobility transis-
tor devices, and some conductivity theories. The editors sincerely appreciate all 
the contributing authors for their efforts. This book is a useful resource to motivate 
readers to join THz technology with relevant fundamentals of optics, photonics, 
electronics, and electromagnetics. 

Borwen You
Assistant Professor,

Department of Physics,
National Changhua University of Education,

Changhua City, Taiwan

Ja-Yu Lu 
Professor,

Department of Photonics,
National Chengkung University,

Tainan City, Taiwan
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Chapter 1

Introductory Chapter: Origin of 
Terahertz Technology
Borwen You and Ja-Yu Lu

1. Photoconductive schemes

Terahertz (THz) technology in history comes from the time-varying Hertzian 
dipoles based on optical excitation of high-peak-power lasers. The high-peak-power 
lasers have pulse durations (δτ) less than 100 femtoseconds (fs) and high coherence 
within several tens of micrometers (i.e., δx = Cδτ, where δ x and C are, respectively, 
a light speed and a coherent length in free space). The presented THz radiation from 
time-varying Hertzian dipoles also has high coherence and can be characterized by 
amplitudes and time- and spatial-dependent wave phases. This fs-laser-excited THz 
radiation thus satisfies the fundamentals of wave optics [1], called THz waves in 
literatures.

In the pioneering era during or before the 1980s, THz waves were the pico-
second (ps) electric pulse signals measured from the integrated circuits on 
silicon-on-sapphire (SOS) substrates [2], but not from air-free space. For general 
electronic devices, ps electric pulses are extremely fast response or switching 
performance, which results from the rapid capture of optically injected carriers 
by the large density of material structural defects. Such the time-varying electric 
pulse currents, or electric oscillation, to dynamic switch one circuit, are pre-
sented on the basis of laser illuminance, called a photoconductive performance. 
The integrated circuits attach the surfaces of photoconductive layers to generate 
photocurrents for the functions of Hertzian dipoles [2], transmission lines [3, 4], 
and planar-integrated optoelectronic antennas [5]. For SOS substrates, silicon is 
an example of the photoconductive layer to be patterned with metal circuits or 
electrodes. The active spot of the photoconductor surface was one miniature metal 
gap of an integrated circuit at which fs optical pulses are focused [2].

For the presentation of picosecond photoconductive Hertzian dipoles, two 
identical Hertzian dipoles were used as the transmitting and receiving dipoles 
for ps electric pulses within a 1.1-mm-thick insulating material (alumina) [2]. 
The configuration is shown in Figure 1(a) had two Hertzian dipoles that were 
oppositely and symmetrically attached to one 1.1-mm-thick alumina slab. The 
alumina slab was used as the propagation space of ps electric pulses. The electric 
pulse duration within the full width at half maximum was 2.3 ps, corresponding to 
a coherent length of 0.69 mm and less than the 1.1 mm propagation distance of a 
dielectric medium (alumina). Compared to the photoconductive electric pulses on 
the coplanar transmission lines [3, 4, 7] or coaxial cables [8], this is the first demon-
stration for far-field detecting a free-propagating THz wave without any waveguide 
support.

Oscilloscopes cannot resolve these ps electric pulses in a time domain. The time-
varying photocurrent or electric field should be performed from the correlation of 
electric signals between the pump laser wave and generated THz wave at the receiv-
ing Hertzian dipole. Figure 1(a) shows the THz waves were synchronously excited 
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by one fs-pulse laser beam at the transmitting and receiving Hertzian dipoles, 
respectively, calling excitation and monitor laser beams. A pulse shot of the monitor 
laser beam [I(t + τ)] at the receiving photoconductor was delayed relative to that 
of the excitation laser beam at the transmitting photoconductor [I(t)], which is 
controlled by a precise translation stage. The transmitting dipole on the left side of 
Figure 1(a) had a DC bias, and the receiving dipole, which was directly connected 
to a low-frequency voltage amplifier, detect the bias of the transmitting dipole.

The low-frequency amplifier, i.e., a lock-in voltage amplifier, at the receiving 
dipole measured the average currents when the optical delay was scanned. The 
lock-in amplifier integrated one mechanical chopper with a frequency around 
several KHz. The chopper modulated the pump laser at the transmitting dipole, 
and the chopping frequency is synchronous to the lock-in amplifier. Based on the 
signal extraction method, the electric pulse was found down to sub-ps level on the 
coplanar transmission lines, as shown in Figure 1(b) [3]. Such the sub-ps electric 
pulse was critically observed when the excitation and monitor laser beam spots are 
separated as close as possible on the metal circuit due to the lowest substrate disper-
sion or distortion to the electric pulses.

The point source, THz optics, was first presented from the coplanar transmis-
sion lines (Figure 1(b)) [6] when one sphere mirror was attached on the sapphire 
side of an SOS substrate, as shown in Figure 2(a) [6]. Different from the electric 
pulses measured from the alumina-based [2] and transmission-line-based THz 
devices [3, 4, 7], the electric-pulse waveforms had positive and negative amplitudes 
with ps-scaled pulse widths. It proves that THz wave radiating from one laser spot 
corresponds one-point source of a sphere wave, whose dimensions are approximate 
to those of metal gaps but much smaller than those of THz wavelengths, i.e., a 
subwavelength scale. To efficiently collimate THz waves from the laser excitation on 
the photoconductive dipoles, high-refractive-index sphere lenses were, therefore, 
requested to attach to the substrate backsides [6]. The free-space propagation of 
THz waves was then realized with a high directional feature, like a laser beam, 
which is shown in Figure 2(b) [9]. Based on the photoconductive scheme, THz wave 
spectrum over 1 THz bandwidth was performed for a 10 cm propagation distance 
[9]. High-brightness THz waves with a power signal-to-noise ratio (SNR) above 105 
were then presented when transmission lines and Hertzian dipoles were assembled 
as the integrated circuits of photoconductive antennas (PCAs), which are shown in 
Figure 3(a) [10]. Furthermore, a suitable optic set up to collect and focus THz waves 
along the system optic axis was also expressed [10]. Figure 3(b) shows the usage 

Figure 1. 
Configurations to coherently and synchronously generate, detect ps second electric pulses: (a) Hertzian dipoles, 
(Reprinted from reference [2]. © 1984 AIP publishing) and (b) coplanar transmission lines. (Reprinted from 
reference [6]. © 1988 AIP publishing).
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of off-axis parabolic mirrors to achieve the mode matching between a THz beam 
and a fs laser beam at a PCA detector [10]. From the development progress of point 
source THz optics (Figure 2(a)), THz beams (Figure 2(b)), and the high-brightness 
schemes (Figure 3), the free-propagating THz waves were completely demonstrated 
and became useful for advanced applications.

2. Bridging THz gaps in optics, photonics, and molecular spectroscopy

In the 1980s, pioneering THz Technology, therefore, opens from the afore-
mentioned THz radiation with the properties of high coherence, high brightness, 
and high directionality. In 1989, THz spectroscopy based on the photoconductive 
scheme, called THz time-domain spectroscopy (THz-TDS), was successfully 
demonstrated to present the molecular absorption lines of ambient water vapor 
in 0.5–1.5 THz [11]. THz-TDS of water vapor is the milestone of molecular sens-
ing with a fingerprint spectral feature in the THz region. These absorption lines 
provide the researchers or engineers to calibrate the precision of laser time delay, 
i.e., exactly extracting THz waveforms in their THz-TDS systems. Using the natural 
calibrator of THz-TDS—ambient water vapor, THz technology is then extended till 
the present.

In the 1990s, PCAs were engineered with various integrated circuits [12–14] 
and various photoconductive layers [15–19] to approach tunable bandwidths 
and ultrashort pulse widths of THz waves. Besides a photoconductive scheme, 

Figure 3. 
Configurations of (a) transmission-line-integrated dipole antenna, and (b) off-axis parabolic mirrors between 
two PCAs. (Reprinted from reference [10]. © 1989 AIP publishing).

Figure 2. 
Configurations of (a) point source THz optics, (Reprinted from reference [6]. © 1988 AIP publishing) and (b) 
THz beams. (Reprinted from reference [9]. © 1989 AIP publishing).



Terahertz Technology

6

Author details

Borwen You1,2* and Ja-Yu Lu3

1 Department of Physics, National Changhua University of Education, 
Changhua City, Taiwan

2 Faculty of Pure and Applied Sciences, Department of Applied Physics, University 
of Tsukuba, Tsukuba, Japan

3 Department of Photonics, National Cheng Kung University, Tainan, Taiwan

*Address all correspondence to: borwenyou@cc.ncue.edu.tw

nonlinear optics and specified crystals were presented for their fundamentals in 
THz wave generation [20, 21] and detection [22–29]. The detection limit of PCAs 
was also discussed in the 1990s [30, 31], and several schemes in the year 2000 were 
specified to expand the available spectral range of THz-TDS [32–34]. THz imag-
ing concepts were also presented in the 1990s to express more applications of THz 
waves [35, 36]. In the meantime, the spectral range of THz-TDS, 0.1–3 THz, was 
considered as one part of the far infrared-ray spectrum to reveal spectral dielectric 
constants of materials, such as the superconductors [37, 38], toxic chemicals [39], 
nonpolar/polar liquids [40, 41], vapors/gases [42], and semiconductors (bulks 
[43], thin film [44] and quantum-well structures [45]). These specified issues lead 
to the modern THz technology as expressed in this book. For THz-TDS technology, 
this book introduces the latest progress of THz waves to sense biological water and 
the possible propagation along photonic crystal fibers. For imaging technology, 
this book introduces the application of food inspection, the novelty of THz special 
light modulator, and near-field imaging with a nanometer scale. For PCA technol-
ogy, the concept of an interdigitated photoconductive antenna is highlighted. For 
semiconductor technology, the conductivity models are reviewed in this book for 
the THz field and the relating carrier transition. For nonlinear optics technology, 
the novelty of THz wave power detection through a harmonic wave conversion and 
a nonlinear crystal, MgO:LiNbO3, is introduced in this book. These technologies 
not only bridge THz gaps in optics, photonics, and molecular spectroscopy but also 
potentially become available in life.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Chapter 2

Terahertz Nano-Imaging with
s-SNOM
Matthias M. Wiecha, Amin Soltani and Hartmut G. Roskos

Abstract

Spectroscopy and imaging with terahertz radiation propagating in free space
suffer from the poor spatial resolution which is a consequence of the comparatively
large wavelength of the radiation (300 μm at 1 THz in vacuum) in combination
with the Abbe diffraction limit of focusing. A way to overcome this limitation is the
application of near-field techniques. In this chapter, we focus on one of them,
scattering-type Scanning Near-field Optical Microscopy (s-SNOM) which � due to
its versatility � has come to prominence in recent years. This technique enables a
spatial resolution on the sub-100-nm length scale independent of the wavelength.
We provide an overview of the state-of-the-art of this imaging and spectroscopy
modality, and describe a few selected application examples in more detail.

Keywords: Terahertz, near-field microscopy, s-SNOM, sub-wavelength spatial
resolution, THz imaging, Drude conductivity model, plasma waves

1. Introduction

This article deals with THz s-SNOM. The abbreviation stands for Terahertz
Scattering-type Scanning-Type Near-Field Optical Microscopy. It is a fairly novel
branch of s-SNOM nanoscale spectroscopy which uses terahertz (THz) radiation for
the probing (and also excitation) of the interaction with the material under investi-
gation. The THz regime of the electromagnetic spectrum ranges from 0.3 THz to 10
THz, and is situated between the microwave and infrared portions of the spectrum.
Interestingly, the THz frequency regime played a significant role during the early
development of the s-SNOM technique. Some of the first attempts at reaching
spatial resolution much below the diffraction limit were made with THz radiation,
at that time using a down-scaled and tapered coaxial line [1]. Inspiration had come
at that time from Scanning Near-Field Optical Microscopy (SNOM) which had been
invented in 1981 and uses a tapered waveguide, usually a metal-coated optical fiber,
with a sub-wavelength diameter at its end, which is brought to within a sub-
wavelength distance of the sample. The waveguide is either used for the local
excitation of the sample and/or for the collection of radiation from the sample
[2, 3]. For the generation of images, the sample is raster-scanned as in all variants of
Scanning Probe Microscopy (SPM). This technique works fine with visible and
near-infrared radiation, however at longer wavelengths, the throughput of the
waveguide decreases drastically if one tries to maintain a spatial resolution as small
as in the visible range. In the last decade of the last century, it was then recognized
[4], that it is more efficient for near-field sensing with long-wavelength radiation to
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utilize scattering from the sharp tip of a needle which is illuminated from the
outside. As such a needle, it is convenient to employ the probe tip of an Atomic
Force Microscope (AFM), as one can then obtain topographical information simul-
taneously with spectroscopic information. Combined with techniques � described
below � to suppress detection of radiation which does not come from the tip (apex)
of the needle, this led to the breakthrough of s-SNOM as a powerful near-field
spectroscopic technique at the turn of the millennium.

THz radiation always played a role during the rise to prominence of the tech-
nique, although a minor one. For example, in 2008, one of the early landmark
demonstrations of the usefulness of the s-SNOM technique was the characterization
of the spatial profile of the doping density in a Si MOSFET at 2.54 THz (in addition
to measurements in the IR) [5]. However, there was always the challenge of the
weak scattering efficiency of the probe tip. It arises from the unfavorable ratio of
10�4 to 10�5 between the probe tip’s diameter (typically less than 50 nm) and the
diameter of the focal spot of the THz beam (hundreds of micrometers to several
millimeters). This challenge contributed to a slow progress which one can discern
for THz s-SNOM throughout much of the last two decades, if compared with the
huge attention devoted to s-SNOM in the infrared spectral regime. However, the
number of publications dealing with THz s-SNOM is rising recently because the
THz frequency regime offers a wealth of physical phenomena to be studied.

We mention in passing that also considerable interest exists in the development
of s-SNOM-related techniques for the microwave regime. This effort is mainly
driven by the need for diagnostic instrumentation for microwave electronic circuits.
Again, the first efforts date back to the beginning of the s-SNOM technique itself
[6]. Today, this specialized field is known under the name Scanning Near-Field
Microwave Microscopy (SMM). A characteristic approach to overcome the chal-
lenge of the large wavelength and the concomitant large diffraction-limited focal
spot size is the use of the cantilever of the probe tip as a waveguide for the injection
and the return of the microwave signal [7]. This is implemented also in commercial
products, e.g. from Keysight Technologies. In the following, we will not address the
special developments in this field, but only point out the extraordinary attention
which is given to careful calibration of the measurement systems which is needed to
obtain reliable information about the device-under-test [8].

We also mention briefly other variants of sub-wavelength THz microscopes
(both apertureless and with nanoapertures) which are very successfully used in
specialized research applications. A preeminent example of an apertureless field
measurement technique is the THz sensing of objects-under-investigation which
are placed onto an electro-optic (EO) crystal [9]. Here, the THz electric field under
the objects is detected by electro-optic conversion in that crystal. The spatial reso-
lution is ultimately determined by the diameter of the focused optical read-out
beam, which is in the range of one to several micrometers. An aperture-based near-
field technique is the performance of transmission measurements through single
slits in thin metallic films [10]. The spatial resolution in one dimension is deter-
mined by the width of the slit. With special processes, nanometer-scale widths have
been achieved [11]. In order to obtain a sufficiently strong transmittance through
the narrow slit to allow for measurements with a good dynamic range, the length of
the slit is usually chosen such that a standing-wave resonance occurs at the THz
frequency band of interest [12]. With the strong confinement and plasmonic
enhancement of the electric field of the radiation in the slit, it has become possible
to detect the THz absorption by just a few molecules brought into the slit [13].

Finally, before putting our focus on the s-SNOM technique, we mention two
THz near-field techniques which measure electrical currents. Both usually employ
THz pulses and time-domain spectroscopy. One technique uses probe tips with
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integrated photoconductive switches for the detection of electric fields [14]. The
other, very novel technique represents an advanced version of Scanning Tunneling
Microscopy (STM) and employs THz pulses to induce excitations in the sample
which lead to a modification of the tunneling current [15, 16]. This is a very
promising technique as it gives for the first time for THz spectroscopy access to the
atomic length scale.

2. General aspects of s-SNOM

As stated above, the basis of every s-SNOM device is an Atomic Force Micro-
scope (AFM), where a sharp tip scans the sample to obtain topographical images. s-
SNOM now simply adds illumination of the tip-sample region, the radiation induc-
ing a near-field interaction which is detected via the scattered radiation, as shown in
Figure 1. The red spot indicates the tip-sample region which is illuminated with
focused radiation whose electric field (Eincident) induces a near-field interaction of
the tip apex (typical size <50 nm) and the sample. The scattered electric field
Escattered contains information about the local dielectric function εsample. As shown
here, one often detects � for practical reasons � the radiation back-scattered onto
the beam path of the incoming radiation. The probe tip is in this case part of a
cantilever, but recently, researchers also have begun to employ tips attached to a
quartz tuning fork, as they are employed in near-field measurement systems which
can operate both as AFM and STM systems [17–19]. There are two advantages in the
usage of an AFM. One obtains a topographical image simultaneously with the
optical near-field information of the sample, and the up-and-down dithering of the
probe tip at a frequency Ω provides the basis for the suppression of signals from
radiation which does not originate from the apex region of the tip.

Sophisticated interaction models [20–22] and electromagnetic simulations
[23, 24] have been published which describe the details of the s-SNOM near-field
interaction. The most basic of them, the well-known electrostatic point-dipole
model [4, 25] continues to yield valuable qualitative (even semi-quantitative)
insight into how the s-SNOM probes the local dielectric function of the sample
beneath the tip. This model explains that s-SNOM probes not primarily the surface
of the sample but mainly a small volume underneath it. The achieved spatial reso-
lution basically scales with the tip apex geometry, leading to a spatial resolution of
typically <50 nm. The resolution is largely independent of the radiation wavelength
from optical frequencies [4, 26] down to the sub-THz range [27].

Mathematically, electromagnetic waves under near-field conditions are
described as evanescent waves possessing complex wave vectors (k-vectors).

Figure 1.
Scheme of the s-SNOM technique. The AFM cantilever oscillates at a frequency Ω while the surface of the
sample is scanned.
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Formally, one can understand that sub-wavelength spatial resolution is possible in
this case by considering momentum conservation as expressed in Eq. (1), where k0
is the wave vector of the incoming wave. If one has an imaginary k-component in,
e.g., z-direction (kz), then this allows for large wave vector components in the xy-
plane kxy > k0, hence a high spatial resolution in this plane [2, 28]:

k20 ¼ k2xy þ k2z ¼ k2xy þ i kzj jð Þ2 ¼ k2xy � kzj j2: (1)

The big technical challenge of s-SNOM is already apparent in Figure 1. Not only
the nanometer-sized tip apex is illuminated by radiation, but rather a spot with an
area larger than the diffraction-limited spot size. This spot size scales with λ [2].
Therefore, the back-scattered light contains background light from the sample, tip,
and cantilever. This unwanted radiation is much stronger than the desired near-
field contribution. As the former cannot be eliminated by wavelength or polariza-
tion filtering, it must be suppressed during processing of the detected signal, which
is done as follows:

The AFM is operated in the so-called non-contact mode, i.e. the tip oscillates at a
frequency Ω close to its mechanical resonance frequency [29]. The different compo-
nents of the scattered and reflected waves from the tip-sample region are affected in
different ways by this oscillation, which allows to cancel their contributions by
specific modulation-related filtering measures. A big background contribution arises
from (far-field) reflection and scattering from the sample away from the tip apex,
resulting in a constant DC term. In contrast, the signal from waves interacting with
the oscillating tip away from its apex is modulated at the fundamental oscillation
frequency 1 Ω. Finally, the near-field interaction between the tip apex and the sample
imprints a higher-harmonic response onto the waves scattered from the apex region.
This can be understood in the following way. An essential property of this interaction
is its strong nonlinear dependence on the tip-sample distance z (e.g., for the afore-
mentioned point-dipole model, the near-field signal scales with Enf ∝ 1= 1� bz�3ð Þ).
Therefore, decomposing the near-field signal from a harmonically oscillating tip
(z = z0*sin(Ωt)) into its Fourier components leads to a Fourier series of higher
harmonics. Hence, demodulation (i.e., extraction) of the measured back-scattered
signal at higher harmonics (2 Ω, 3 Ω,… .) isolates the near-field part and suppresses
the background [30, 31]. With an increasing order of the higher harmonic, the
background suppression becomes better, but the signal strength decreases.

The detectors used for s-SNOM are power detectors. The detected electric field
contains the near-field contribution Enf with the phase ϕnf , and the background
contribution Eb with the phase ϕb, which yields the total detected intensity

I∝ ∣Eb þ Enf ∣2 ¼ E2
b þ E2

nf þ 2∣Eb∣∣Enf ∣ cos ϕnf � ϕb

� �
: (2)

The higher-harmonic demodulation suppresses the pure background term E2
b and,

using the approximation Eb ≫Enf , the pure near-field term E2
nf can be neglected as

well. Hence, the term s ¼ 2∣Eb∣∣Enf ∣ cos ϕnf � ϕb

� �
is the outcome of the higher-

harmonic demodulation. As desired, s is proportional to ∣Enf ∣, but it also depends on
the (uncontrollable) background ∣Eb∣ and the relative phase between those fields.
Hence, a change in the measured signal cannot be attributed unambiguously to the
near-field wave, the background or the phase difference between them.

In order to overcome this problem, interferometric frequency-mixing tech-
niques in addition to the higher-order demodulation have been introduced. They
play an important role in s-SNOM data recording and processing. Essentially, a
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second beam of radiation (the reference beam), phase-locked with the beam Dif-
ferent phase-recovering, is projected via a well-defined path onto the detector. The
arrangement is interferometric in the sense that it defines a controlled phase-stable
situation. The basic idea of the interferometric detection is to make the uncontrol-
lable background Eb insignificant by using the much stronger and well-defined
reference field ∣Er∣≫ ∣Eb∣ (whose phase is ϕr). The leading contribution to the

detected intensity is then given by the signal term s ¼ ∣Er∣∣Enf ∣ cos ϕnf � ϕr

� �
. This

brings two invaluable advantages. First, one gains an enormous enhancement of the
useful signal by the multiplication of ∣Enf ∣ with ∣Er∣. Furthermore, with interfero-
metric detection, the optical phase ϕnf is accessible because ϕr is now a known,
controlled quantity. With the availability of both the amplitude and phase of the
near-field signal, both the real and imaginary part of the dielectric function are
accessible. This can be used for the measurement of both the magnitude of the
signal attenuation and the phase change by radiation absorption processes [32].

Different phase-recovering detection schemes are used nowadays. Homodyne
detection uses a reference beam derived by a beam splitter from the beam sent to
the probe tip [33, 34]. Heterodyne detection employs a frequency-shifted reference
beam as a local oscillator [26, 35]. Pseudo-heterodyne detection, where the relative
phase of the reference beam is varied in the interferometer, is the state of the art of
most s-SNOM systems [36, 37]. All those techniques are described and compared in
detail in the cited literature.

As the s-SNOM probes the dielectric function ϵ ωð Þ, it can be used for the investi-
gation of many kinds of physical phenomena, where a dielectric contrast plays a role.
One application area is the distinction of different materials [26]. This can be
achieved, for example, by the probing of vibrational fingerprints via IR spectroscopy
on a nanometer scale [38]. Another option is the measurement of the electrical
conductivity. This was used successfully for the identification of different phases of a
material and the observation of phase transitions as a function of time [39]. The
sensitivity to local electric fields can also be used for the direct mapping of surface
waves (e.g., surface plasmon polaritons [40], phonon polaritons [41], exciton
polaritons [42], and more [43]). These polaritons are usually detected as stationary
standing-wave interference patterns, but their generation, propagation and decay can
also be traced in time with pump/probe techniques. In fact, the first visualization of
plasmon polaritons on graphene, excited by the probe tip itself and observed as
interference patterns with the returning waves reflected at the boundaries of the
graphene flakes [44, 45], has been one of the landmark experiments of s-SNOM.

Although the THz frequency regime benefits enormously from the enhancement
of the spatial resolution provided by s-SNOM, for a long time, the well-known “THz
gap” (lack of powerful sources and detectors) has been the delaying and limiting
factor for the development of a generic THz s-SNOM field of research. This
situation is changing only recently.

3. Specific challenges and opportunities of THz s-SNOM

The s-SNOM technique is by now a well-established technique in both the IR
spectral range and the visible part of the electromagnetic spectrum [40, 46].
Establishing this technology in the THz frequency regime opens new windows of
opportunity because many physical phenomena have characteristic spectral
signatures there. In the following section, we describe the state-of-the-art of THz
s-SNOM and address specific challenges of s-SNOM at these large wavelengths
which had to be overcome or are being addressed presently.

17

Terahertz Nano-Imaging with s-SNOM
DOI: http://dx.doi.org/10.5772/intechopen.99102



3.1 Time-domain THz s-SNOM

THz Time-Domain Spectroscopy (THz-TDS) is one of the most widespread
spectroscopic tools in THz science since it possesses many advantages [47]. It is
based on the use of single- or few-cycle THz pulses whose waveforms are measured
as a function of time by coherent detection with electro-optic (EO) crystals or
photo-conductive antennas (PCAs). With these techniques, one often achieves a
high signal-to-noise ratio. Both the amplitude and phase of the electric field of the
radiation are recorded. This occurs over the entire spectrum of the pulses which is
then available for the extraction of spectral information. Furthermore, high peak
intensities are reached, which makes time-resolved pump-probe measurements
possible. Its drawback is the poor diffraction-limited spatial resolution which lies in
the millimeter regime. The s-SNOM technique can solve this issue and open the
path into the nanoworld with sub-100-nm resolution. However, s-SNOM has the
following limitation. As the tip oscillates at frequencies of tens to hundreds of kHz,
the pulse repetition rate of the THz source must be in the MHz range in order to
avoid synchronization challenges with the lock-in detection. Hence, only high-
repetition-rate THz sources are employed until now, not amplifier-based systems.

Aligning a time-domain THz s-SNOM system is not trivial since the average
beam power is low, on the order of μW, and the THz pulse durations are quite short,
typically on the 1-ps time scale. For standard THz-TDS systems, one finds that a
high signal-to-noise ratio (SNR) can only be achieved if the measurement system,
especially the detection segment, is aligned near its optimum. The alignment of a
THz s-SNOM is even more critical because only a small amount of radiation
scattered from the probe tip can be detected. As estimated from the data in
[17, 48, 49], the signal at the first harmonic 1Ω is reduced to 0.1–1% as compared
with the signal obtained in conventional THz-TDS. Concerning the use of THz
pulses with ps duration, it is a challenge to find the temporal overlap between the
(weak) tip-scattered signal and the laser pulse used for EO detection or for activa-
tion of the PCA detector. Upon THz beam steering, the path length changes. In
practice, an iterative alignment procedure is employed.

s-SNOM systems operating in the IR, near-IR or VIS preferably exhibit the back-
reflection geometry of Figure 2a. Here, the scattered and impinging light are on the
same side of the probe tip. A beam-splitter (shown in blue in Figure 2a) divides the
incident light for probing the sample and interferometric detection. The pathway of
the incoming radiation � including the focusing leg to the tip �.Time-domain THz
s-SNOM systems more commonly use the transmission geometry of Figure 2b. The
beam alignment is much simplified in this optical arrangement as one can pre-align
it with the help of the laser beams used for the generation and detection of the THz
pulses. No THz beam-splitter is required. Either a single big paraboloid mirror as in
Figure 2b or two separate smaller ones are employed for the incoming and the

Figure 2.
s-SNOM modalities, (a) back-reflection and (b) transmission geometry.
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back-scattered radiation. The coherent detection of the THz pulses, inherent of the
THz-TDS approach of Figure 2b, eliminates the need for phase-sensitive interfero-
metric detection as it shown in the setup of Figure 2a.

In TDS, the measurement of spectra usually requires translation of a mechanical
delay stage, which varies the time delay between the scattered radiation pulse and
the read-out laser pulse. For the IR region, the term of nano-FTIR (FTIR: Fourier
Transform Infrared Spectroscopy) was introduced for this approach [38]. However,
the recording of spatial maps across a sample region with full spectral information
at each local position is so time-consuming that it is rarely done in the THz fre-
quency range. Nowadays, it is still common to keep the time delay stage fixed at the
position of maximal peak intensity during a spatial scan of the sample. This results
in maps of the THz response which do not have frequency resolution [49, 50]. Full
spectra are often recorded only at selected sample positions [50, 51]. Further
improvements are expected because most concepts of time-resolved THz
spectroscopy are compatible with s-SNOM, such as Asynchronous Optical Sampling
(ASOPS), which does not require a mechanical translation stage for the measure-
ment of spectra [48]. Again the infrared s-SNOM technology is more advanced,
as highlighted by Ref. [52], where the propagation of phonon polaritons in
hexagonal boron nitride was recorded in real space by time-resolved IR s-SNOM
measurements.

3.2 CW THz s-SNOM

A second branch of THz s-SNOM uses continuous-wave (CW) technology.
Without the need for finding temporal pulse overlap and with the high spectral
power of the radiation, the measurement systems are easier to align than TDS-based
systems. The rapid development of this sub-field of THz s-SNOM is reflected in an
impressive technological diversity. As THz sources, large-scale facilities such as
free-electron lasers (FELs) [53], but also THz gas lasers [5, 33], and compact
tabletop electronic (frequency-multiplier-based) sources [27, 35, 54, 55] as well as
quantum-cascade lasers (QCL) [19, 56, 57] are being used. The latter is operated in a
CW mode, but novel phase-control techniques are currently developed to enable
the use of the QCLs in pulsed mode [58]. On the detector side, the selection is
limited since the detector must be sensitive and fast enough to resolve the higher
harmonics nΩ of the cantilever frequency in the typical range of several tens to
hundreds of kHz, which excludes Golay cells and slow bolometers. In the first years
of THz s-SNOM, liquid-helium-cooled hot-electron bolometers were the standard
solution [5, 53]. Recently, room-temperature-operated detectors such as Schottky
diodes [33, 35, 55] and field-effect transistors [27] have emerged, facilitating the
entire measurement procedure. Microbolometers also appear possible, but we are
not aware of reports of their use. Finally, THz-QCLs are employed for both emis-
sion and detection because the laser light can be generated and measured in a single
device [19, 56].

Interferometric detection schemes to achieve more reliable and phase-sensitive
measurements become the preferred mode of operation of THz CW s-SNOM. The
pseudo-heterodyne scheme as the state-of-the-art technology for s-SNOM in the IR
and VIS spectral regimes is challenging to implement for THz radiation. Aiming for
the same approach as in the IR/VIS, one would require a mirror oscillating at several
hundred Hz with a displacement amplitude scaling with the wavelength [36], which
is so demanding that it has not been realized so far. Other approaches appear
possible for future use, such as a continuous mirror shift or the use of folded beams.
Hence, nowadays, the following alternative interferometric detection schemes find
application in CW THz s-SNOM:
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• Non-interferometric “self-homodyne” detection is still in use [53], however
the phase information is not accessible and this mode possesses the signal
ambiguity discussed in conjunction with Eq. (2).

• As the simplest interferometric scheme, homodyne detection is widespread
[27, 33]. It offers interferometric signal enhancement and phase sensitivity by
two consecutive measurements (at the risk of errors by drifts and tip
degeneration). Samples with limited or no optical phase variations across them
can be mapped with a single spatial scan by adjusting the interferometer to the
maximum signal position.

• Heterodyne detection [35, 55] requires two sources (the second one as local
oscillator) and the requirements for the signal-demodulating lock-in amplifiers
are high. This makes the approach comparatively cost-intensive, but one
benefits from the maturity of heterodyning when working with frequency-
stable electronic sources.

• New approaches such as synthetic optical holography (SOH) [59, 60], which
relies on data post-processing, have been demonstrated successfully as well.

3.3 Probe tips for THz frequencies: length and shape

THz s-SNOM has also been improved on the basis of a deeper understanding of
the fundamental role of the probing tip which acts as an antenna for the impinging
radiation. For that reason, metallized tips are preferred; this is the case for IR and
VIS radiation, but even more so at THz frequencies. Ref. [61] reports a nine times
higher s-SNOM response if standard probe tips, which were developed for the IR,
are replaced by longer THz-resonant ones. Nowadays one often finds commercially
available Pt tips with a typical length of 80 μm [62] in use, even if they are not
exactly resonant at the wavelength of the specific radiation. When self-etched
metallic wires mounted on tuning forks [61] are employed, the length of the wires
tends to be inadvertently well-suited for THz frequencies.

Another aspect is the tip apex geometry. Surprisingly, blunt tips show a better
THz s-SNOM signal than sharp tips [33, 59]. This is explained by the increased
interaction volume of the near-field zone to dominate over the reduction of the field
enhancement. The loss in spatial resolution due to the bigger tip radius does not
scale inversely with the signal gain. Ref. [33] reports a result with one order of
magnitude higher THz near-field signal, but inducing a resolution degradation by
only a factor of four. Still, one has to make a trade-off between resolution and signal
strength.

Regarding the achievable spatial resolution, there seems to be a consensus that
routine THz s-SNOM reaches a resolution of 50–100 nm. Best values of <15 nm
were achieved in Ref. [33] with customized tips and a well-chosen oscillation
amplitude and data averaging. One does not reach the atomic resolution while this is
possible with THz-STM [15].

3.4 Ability of THz s-SNOM for depth probing

A new branch of s-SNOM research is dedicated to sub-surface imaging [17] and
nano-tomography [63–65] by the analysis of the s-SNOM signals at different higher
harmonics (2 Ω, 3 Ω, 4 Ω,… .). They probe the sample down to different depths
[63–65]. By the combination of data taken at various harmonics, it is possible to
determine depth profiles of specimens.
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3.5 Timeline of technological advances of THz s-SNOM

For readers who are interested in a quick overview of important technical
developments in THz s-SNOM, the following table presents a timeline of advances
with respect to sources, detectors, achieved spatial resolution and other innovations
listed under the category “Remarks”. The first column specifies the respective
reference and the year of its publication. The second column specifies the radiation
source; the information “THz pulses” stands for the opto-electronic generation of
THz pulses with femtosecond IR or VIS laser pulses. The list does not claim to be
complete and only serves as a quick review of the overall development of THz
s-SNOM.

4. Application examples of THz s-SNOM

In the following, we discuss four publications in more detail, which are repre-
sentative for important applications of THz s-SNOM. The topics are the mapping of
the conductivity of charge carriers (in Section 4.1), the mapping of surfaces of
materials which undergo a phase transition (in Section 4.2), sub-surface imaging (in
Section 4.3), and the probing of surface waves (in Section 4.4).

The objects-under-study of all examples are solid-state materials or device micro-
structures. Extension of THz s-SNOM to probe soft matter is expected in the near
future. Similarly, the study of aqueous solutions [66] and biomedical, even alive [67]
specimens will come. This will be accompanied with the appearance of modified
measurement modalities. Similar developments have taken place in the IR spectral
regime where AFM-IR was developed as a family of techniques. The probe tips of
AFM-IR do not oscillate, instead acting as contact sensors for measuring thermal
expansion induced by wavelength-selective excitation of the specimens [68].

4.1 Nano-imaging of semiconductors with spatially varying density of mobile
charge carriers

Determination of the conductivity and of the charge carrier concentration,
which is determined by the level of doping, is important for semiconductor
technology. THz waves are much more sensitive than IR or VIS radiation for the
non-destructive probing of dielectric contrast arising from the Drude conductivity
of mobile charge carriers at a density in the range of 1016 � 1019 cm�3 (see below),
which is the relevant range for semiconductor devices. Ref. [5] employed THz
s-SNOM to image this contrast in electronic circuits with field-effect transistors. For
that purpose, a processed semiconductor die was cut, and the side facet polished
and subjected to s-SNOM imaging. The top panel of Figure 3a displays an AFM
image. It provides little contrast and the transistor locations cannot be identified.
This is possible, however, with the help of Figure 3b, which shows an SEM image of
the sample. Based on the information from Figure 3b, the position of one of the
transistors is marked in the top panel of Figure 3a by the black box. The two lower
panels of Figure 3a display the data measured by s-SNOM, namely the 2nd-
harmonic-demodulated near-field images recorded at 2.54 THz and 28 THz,
respectively. The images exhibit very pronounced signal strength in the regions
where one expects doping. The strength of the THz near-field signal is maximal at
the device layer and continuously reduces away from the transistors towards the
interior of the Si wafer. The decline in signal strength reproduces the gradual
decrease of the carrier concentration whose local values (derived from device
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simulations) are listed in the image plots. Compared to the 2.54-THz data, the IR
data at 28 THz reproduce the continuous concentration decline only in the vicinity
of the devices, but not further away from them. Obviously, IR s-SNOM is sensitive
to high carrier concentrations, but not the low ones. Figure 3c displays modeled
near-field data as a function of the carrier density. It shows the relative signal
strength calculated with the point-dipole model for a Drude plasma in Si. The graph
confirms that the near-field signal at 2.54 THz is sensitive to doping densities

Figure 3.
(a) Three panels showing data measured by AFM (top), 2nd harmonic s-SNOM at 2.54 THz (middle) and
2nd harmonic s-SNOM at 28 THz, respectively. (b) SEM image of the sample surface. (c) Calculated s-SNOM
near-field response as a function of charge carrier concentrations. Reprinted with permission from [5].
Copyright (2021) American Chemical Society.
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throughout the range specified above. Ref. [5] points out that an average of less than
100 electrons in the probed volume suffices to evoke significant THz contrast. At 28
THz, only the highest densities in the 1019-cm�3 range provide a signal sufficiently
strong for concentration discrimination. Interestingly, the graph also explains why
the 2.54-THz s-SNOM image exhibits a local minimum 900 nm below the transistor
layer. The expected signal is minimal at a doping level of 1017 cm�3 and rises again
with decreasing concentration. Finally, we note that THz s-SNOM has recently been
used to identify both the carrier type (electrons or holes) and the carrier density [35].

4.2 Phase transitions

Another application of THz s-SNOM is the spatial mapping of phase transitions.
Well-known literature examples deal with insulator–metal transitions (IMTs). THz
s-SNOM measurements can detect the IMT and allow to decide whether it occurs
simultaneously or percolatively across the sample. The measurements also permit to
find out the temperature range of the IMT. THz s-SNOM furthermore makes it
possible to investigate the formation and thermal evolution of metallic and insulat-
ing domains. As an example, Ref. [49] reported measurements of the response of
vanadium dioxide at THz and Mid-IR frequencies as a function of temperature,
while crossing the transition temperature, TC, which lies somewhat above room
temperature. Figure 4 shows the demodulated 2nd-harmonic near-field signal
measured with a THz TDS system without frequency resolution (top), and the
demodulated 3rd-harmonic near-field response in the Mid-IR measured with a CO2

laser source. The comparison of the results indicates that the signal change at THz
frequencies extends over a larger temperature range than in the Mid-IR, where it is
fairly abrupt. The Mid-IR data are consistent with a first-order phase transitions,
while the THz data suggests a more complex mechanism than the previously
assumed one. Besides, coexistence of both insulating and metallic domains are
observed at THz and Mid-IR frequencies during the transition.

Another phase-sensing study was reported recently in Ref. [59]. It investigated
the chalcogenide Ge1Sb2Te4, a so-called phase-change material �a class of materials
which is employed for nonvolatile rewritable data storage. Electric or optical pulses
can switch these materials between an amorphous and a crystalline phase. In this
study, an s-SNOM system with a molecular gas laser and a cryogenically cooled
bolometer was used to distinguish the two phases at various frequencies from 1.89
THz to 5.67 THz. The s-SNOM contrast arises from the differences of the phonon
spectra of the two phases. The study showed that phase discrimination is principally
possible, which opens the way for more detailed studies of domains and of the
kinetics of the phase transition.

Figure 4.
Near-field mapping of a VO2 surface during IMT. Measurements were performed as a function of temperature
at THz frequencies (top panels) and in the mid-IR (bottom panels). The figure is taken from [49].
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4.3 Sub-surface imaging and the potential for nano-tomography

Probing of the depth profile of the permittivity of multilayer samples is
discussed in Refs [63–65]. The goal is to unravel or to test the composition of
samples with s-SNOM. The publications report measurements and numerical stud-
ies for the permittivity of multilayer specimens detected by s-SNOM. The calcula-
tions were performed based on full-wave simulations and general solutions of the
wave equation by Green’s functions. Based on the results, sub-surface tomography
aiming at the determination of layer permittivities and thicknesses appears possible
within limits if some prior knowledge exists about the composition of the samples.
The probing depth is tens of nanometers.

The capability of THz s-SNOM to detect buried structures was reported in Ref.
[69]. This represents a simpler task than multilayer tomography. Ref. [67] describes
the application of a THz TDS s-SNOM to sense a Au grating embedded in a thin
layer of Si3N4. The thickness of the nitride layer above the gold stripes varied, but
amounted on average to 30 nm. The nitride layer had a smooth surface with the
consequence that the topography did not reveal the Au grating, only the permittiv-
ity variations did.

Figure 5 depicts the scheme of the sample under the s-SNOM tip that is illumi-
nated by THz pulses. Figure 6 presents experimental data. Panels (a–c) show the
1st, 2nd and 3rd harmonic of the demodulated near-field signal, respectively. The
maps reveal the pattern of the buried Au stripes with a spatial resolution of 90 nm.
The contrast arises from the conductivity differences between Au and the insulators
Si and Si3N4. Figure 6d presents the AFM image of the sample, simultaneously
recorded with the s-SNOM images. The AFM map delivers no indication for the Au
grating. Unlike Ref. [65], no attempt to quantify the depth of the grating based on
the s-SNOM data was made. Similar studies were reported in [70], where a buried
photonic resonator was studied in the near-IR/VISis spectral regime.

4.4 Direct mapping of surface waves

One of the applications of the s-SNOM technique is the direct observation of
surface waves. Recently, Ref. [71] explored the existence of plasma waves in the
channels of field-effect transistors (FETs). The excitation of such waves was
predicted for the situation that a THz signal is applied either at the gate-drain or the
gate-source port of the FET [72, 73]. FETs monolithically integrated with antennas
are in use nowadays as detectors of THz radiation. The devices are mainly fabri-
cated in Si CMOS or AlGaN/GaN foundry technology [74, 75]. However, as the

Figure 5.
Schematic of the sample-under-test consisting of periodically arranged Au stripes (thickness: 30 nm, period:
800 nm) embedded in Si3N4. The substrate is insulating Si. Reprinted with permission from [15]. Copyright
(2021) American Chemical Society.
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channels are buried under the gate metal, they are not suited for the direct probing
of the predicted plasma waves by s-SNOM. Graphene, in contrast, allows for the
fabrication of inverted FET structures, where the graphene channel lies on top of
the gate.

Figure 7a shows an optical micrograph of a device under investigation in [69].
The graphene FET is located in the center of a THz bow-tie antenna, which is
asymmetric for preferred injection of plasma waves from the source side upon THz
illumination. Figure 7b presents an SEM image of the white box shown in
Figure 7a. One can discern the graphene stripe on the gate electrode connecting the
source and drain electrodes. Figure 7c shows a schematic of the device and the s-

Figure 6.
1st-, 2nd-, and 3rd-harmonic s-SNOM signals (a–c) and an AFM topographical map (d) of the sample
depicted in Figure 5. Reprinted with permission from [15]. Copyright (2021) American Chemical Society.

Figure 7.
(a) Optical micrograph of a graphene FET in a bow-tie antenna; (b) SEM image of the FET in the center of the
device; (c) schematic of the device and the s-SNOM measurement; (d) near-field map of the electric field
distribution derived by signal demodulation at the 2nd harmonic of the tip oscillation frequency. The figure is
taken from [71].
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SNOM measurement procedure. The device was illuminated by pulsed radiation at
2.0 THz from a FEL, the scattered radiation from the s-SNOM tip was detected with
a liquid-helium-cooled InSb hot-electron bolometer. The s-SNOM was operated in
self-homodyne mode. Figure 7d exhibits a recorded time-averaged electric-field
map of the illuminated FET. The bright signal on the gate region has contributions
of both the THz signal on the buried gate electrode, which is not fully screened by
the graphene sheet, and of the overdamped plasma wave injected into the graphene
from the left (source side, see brightest region over the first few hundred nanome-
ters of the graphene stripe). The overdamped plasma wave decays in the graphene
sheet over a distance of 0.3–0.5 μm. This is a considerably long propagation distance
for the 25–70-fs lifetime of the plasma wave in the unprotected, not encapsulated,
graphene sheet.

Another example of THz s-SNOM measurements of surface waves was recently
reported in Ref. [76]. Here, the topic was the observation of phonon polaritons in
the van der Waals semiconductor α-MoO3, and the proof of their hyperbolic (self-
confined) propagation in spectral regions where the dielectric permittivity is posi-
tive in one spatial direction and negative in another. The measurements were
performed with pulsed FEL radiation between 8 to 12 THz and cryogenically cooled
IR photodetectors. The s-SNOM was operated in self-homodyne mode with 2nd-
harmonic demodulation.

5. Conclusion

In this chapter, we have reviewed the state of the art of near-field imaging with
the s-SNOM technique at THz frequencies. s-SNOM is an established technique of
nano-scale spectroscopy at visible and IR radiation frequencies, and only recently
has been extended to longer wavelengths into the THz regime. The same spatial
resolution of down to 10 nm is achieved as in the visible and IR spectral regimes.
After an introduction of s-SNOM in sections 1 and 2, we have given in Section 3 an
overview of the specific technical developments of THz s-SNOM, presenting in
Table 1 a timeline of major advances. Section 4 then has discussed four representa-
tive studies which stand for current application areas of THz s-SNOM in the
research on solid-state materials and structures. The topics are the mapping of the
electric conductivity, the imaging of phase transitions, sub-surface imaging, and the
probing of surface waves.

Ref. (year) Source Detector Resolution Remarks

[77] (2003) THz pulses Bolometer
EO sampling

150 nm • Stationary tip above the sample

[78] (2007) THz pulses Photoconductive
antenna

n/a • Vibrating tip above the sample
• Recorded data presented for 1st

harmonic

[48] (2008) THz pulses EO sampling n/a • Self-etched tip
• Higher harmonic demodulation

[5] (2008) THz gas
laser

Bolometer 40 nm • Interferometric detection
• 2.54 THz

[17] (2014) THz pulses Photoconductive
antenna

90 nm • Subsurface imaging

[53] (2016) FEL Bolometer 50 nm • Broad band
• High power
• 1.3–8.5 THz
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Ref. (year) Source Detector Resolution Remarks

[61] (2017) THz gas
laser

Graphene-based
THz photodetector

n/a • Tuning tip length in resonance
• 3.11 THz

[19] (2017) THz-QCL THz-QCL 78 nm • Quantum Cascade Laser self-mixing
• Probe tip on a tuning fork
• 2.85 THz

[79] (2018) THz gas
laser

Bolometer �20 nm • Synthetic Optical Holography
• 1.89 THz

[35] (2018) Multiplier
chain

Schottky diode (in
waveguide)

50 nm • All-electronic THz setup
• Transceiver design
• 0.5 to 0.75 THz
• Heterodyne detection

[33] (2019) THz gas
laser

Schottky diode (in
waveguide)

<15 nm • Study the effect of the tip length and
shape

• 2.52 THz

[54] (2019) Multiplier
chain

Schottky diode (in
waveguide)

1μm • W band (110 GHz)
• Large tip instead of commercial AFM

tips

[18] (2020) THz pulses Photoconductive
antenna

<100 nm • Indium tip for a λ
2 resonance

• Probe tip on a tuning fork
• Optimized photoconductive antenna

for detection

[80] (2020) Optical and
THz pulses

EO sampling 20 nm • THz emission nanoscopy
• 11-nmlaser field confinement

[57] (2020) THz-QCL Photocurrent in
device-under-test

35 nm • CW THz-QCL as radiation source

[27] (2021) Multiplier
chain

Field-effect
transistor (lens-
coupled)

40 nm • All-electronic THz setup
• FET with monolithically integrated

antenna
• Phase-resolved homodyne detection
• 246.5 GHz

Table 1.
Timeline of advances.
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Chapter 3

Spatial Terahertz-Light
Modulators for Single-Pixel
Cameras
Rayko Ivanov Stantchev and Emma Pickwell-MacPherson

Abstract

Terahertz imaging looks set to become an integral part of future applications
from semiconductor quality control to medical diagnosis. This will only become a
reality when the technology is sufficiently cheap and capabilities adequate to com-
pete with others. Single-pixel cameras use a spatial light modulator and a detector
with no spatial-resolution in their imaging process. The spatial-modulator is key as
it imparts a series of encoding masks on the beam and the detector measures the dot
product of each mask and the object, thereby allowing computers to recover an
image via post-processing. They are inherently slower than parallel-pixel imaging
arrays although they are more robust and cheaper, hence are highly applicable to
the terahertz regime. This chapter dedicates itself to terahertz single-pixel cameras;
their current implementations, future directions and how they compare to other
terahertz imaging techniques. We start by outlining the competing imaging tech-
niques, then we discuss the theory behind single-pixel imaging; the main section
shows the methods of spatially modulating a terahertz beam; and finally there is a
discussion about the future limits of such cameras and the concluding remarks
express the authors’ vision for the future of single-pixel THz cameras.

Keywords: spatial light modulator, single pixel camera, compressed sensing,
Hadamard imaging, terahertz time-domain spectrometer, single-element detectors,
sub-wavelength resolution

1. Introduction

Visual information from the eyes generates vast amounts of data for the human
brain to process, and provides us with unparalleled clarity and insight into the
world we live in. Imaging with terahertz (THz) radiation is a research field that has
gained a lot of interest and is in the process of moving from research laboratories to
commercial applications [1–4]. As such, the THz research field has grown so much
that it has become impossible for a single human to be able to keep track of all
developments [4]. Nevertheless, it is possible to outline why there is great interest
and potential in THz imaging technology. Most non-conductive materials and non-
polar liquids are THz transparent, useful for non-invasive inspection of many
multi-component or buried systems, such as paintings [5], electronic circuits [6],
space shuttle panels [7] and carbon-fiber composites [8]. Other possibilities are the
measurement of picosecond processes in semiconductors [9], quality control of
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pharmaceutical tablets [10] and non-invasive detection of explosive substances
[11]. A plethora of fundamental material resonances, such as phonons, rotations of
molecules and precessions of spins, are observable and controllable by THz radia-
tion [12]. Bio-medical applications are highly alluring most notably because the THz
photon energies are non-ionizing and high-water sensitivity gives rise to label-free
diagnosis of diseases that alter water content, such as cancer [13] and diabetic foot
syndrome [14]. There is also the possibility of damaging or repairing DNA with
intense THz radiation [15].

With so many possible applications, the reason why THz radiation is barely used
outside of laboratories is due to costs of current THz technology. In particular to
imaging, the technology is either too expensive, too slow or sacrifices some detec-
tion capability (such as picosecond temporal resolution). This is because materials
which are suitable for efficient THz detection simply do not exist. This has resulted
in THz detector arrays normally working in either narrowbands [16] or needing
cryogenic temperatures for sensitive detection [17]. However, microbolometer
arrays have very large bandwidths at room temperature operation [18] and when
combined with digital holography they can measure both the amplitude and phase
of THz radiation [19, 20]. Unfortunately bolometers achieve frequency resolution
with a frequency selective source and they do not offer picosecond temporal reso-
lution. This is acceptable for some applications such as detecting concealed
weapons, however for applications where time gated detection is used, for example
in extracting depths of painting coatings in original art works [5], it becomes
unfeasible. An another imaging technique is to project a THz image on an electro-
optic crystal then use visible light CCD arrays to spatially map-out the THz field
incident onto the crystal [21, 22]. This does not sacrifice the temporal resolution
offered time-domain THz spectrometers, however this needs a regen-amplified Ti:
Sapphire laser which makes the whole system big and expensive and has prevented
the widespread adoption of this technology despite its capabilities. These imaging
techniques are all far-field, apart from [21], meaning that they fail to see detail
below � 500μm due to the THz wavelengths. There are near-field THz imaging
techniques [23–29] which vary from placing AFM-tips next to the sample [23–25],
to near-field THz-fiber probes [27] and even air-plasma has been used for sub-
wavelength imaging [29]. A very impressive achievement is by M. Eisele, et al. [24]
where they obtained 10 nm spatial resolution with 50 fs temporal resolution to
reveal the time-dependence of photoexcitation in InAs nanowires.

The aforementioned imaging approaches are the standard imaging techniques,
relying on a detector array or raster scanning, however there is another alternative.
Namely, using a spatially modulated light beam and a single-pixel detector to obtain
an image [30]. Approaches based on this technique are commonly called computa-
tional imaging because a computer is needed to recover the image although single-
pixel imaging is another common name. The measurements are obtained sequen-
tially as opposed to in parallel, like in detector arrays, hence this technology is
usually slower. This can however be offset by the possibility of obtaining an N-pixel
image using fewer measurements by employing techniques known as compressed
sensing [30, 31]. The main advantage to this technology is that the use of a single-
pixel detector greatly enhances the robustness of the system as well as reducing the
complexity and cost. This is what makes them attractive for uses in THz-imaging:
potential for fast imaging without increasing costs whilst being compatible with
single-element detectors such as photoconductive antennas that can measure the
amplitude and phase of a THz-pulse with 100 fs temporal resolution. In this chapter
single-pixel imaging technologies for use with THz radiation are discussed, where in
§2 we discuss the mathematical theory, §3 discusses the current state of the spatial
light modulators for THz radiation with regards to the latest implementations of
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single-pixel THz cameras. §4 discusses where single-pixel THz cameras are likely to
have an advantage over other competing THz technologies and the conclusions §5
summarize the whole chapter and ending with the authors’ view of the future
development of THz single-pixel cameras.

2. Single-pixel imaging theory

Single-pixel imaging theory concerns itself with obtaining an image of a scene
using a detector that can only measure the total amplitude emanating from the
scene. The simplest idea is to raster scan an aperture across the field-of-view,
building the image pixel by pixel. However, as the aperture is made smaller and
smaller, the signal reaching our detector is reduced. We could increase the light
incident onto our detector and overcome detector-noise by simultaneously scanning
more apertures during each measurement, an idea that originates with Yates in 1935
[32]. In Figure 1(a) we show the main principle of this idea; we have a light beam
that is spatially modulated which propagates through an object and onto a detector
with no spatial resolution. It is of the utmost importance that in each measurement
we know which apertures were open and which were closed. Without this infor-
mation we could never reconstruct an image of the object. Each measurement is the
dot product of the spatial encoding mask and the transmission function of the
object, which is mathematically expressed as

Figure 1.
(a) Imaging with a single-element detector. An encoding mask spatially encodes a beam of radiation, then the
beam passes through an object and onto the single-element detector. (b) Spatial encoding masks, where the first,
second, third and fourth coloumns were constructed from Sylvester Hadamard, cyclic Hadamard, random and
Fourier matrices respectively. The green triangle in the cyclic mask is there as a visual guide. (c) 2D image
transform examples. Figure (a) was extracted from reference [33] under creative commons attribution 4.0
international license.
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yi ¼
XN
j¼1

aijx j, (1)

where yi is our i
th measurement, aij holds the spatial information of the ith mask

and x j is the jth pixel of the object. The full set of measurements can be represented
by the matrix equation

y ¼ Ax, (2)

where the rows of matrix A are shaped into the projected masks (ie. 1D vectors
reshaped into 2D masks). Solving Eq. (2) for x is the cornerstone of single-pixel
imaging. In the simpler cases A is an invertible matrix, meaning that x ¼ A�1y is
sufficient for us to the obtain our image. Alternatively we need to use least squares
solvers or complex optimization problems [31], which are commonly used for
undersampling procedures where one obtains an image with N pixels using fewer
measurements.

A in Eq. (2) is called the basis expansion of our object x. For example, the most
commonly know example is if A is the Fourier matrix, then y is the Fourier
transform of our object x. This basis expansion determines the masks that will be
projected in each measurement, and in 1(b) we show commonly used spatial
encoding masks. Namely, masks constructed from a Sylvester-Hadamard, Cyclic-
Hadamard, Random and Fourier matrices. Each one has its own advantages and
disadvantages and these are briefly outlined.

The Sylvester-Hadamard matrices are binary, meaning that they are easily
implemented, specifically with digital micromirror devices which are relatively
cheap and have switch rates upto 20 kHz. The reconstruction technique can also be
efficiently calculated by just doing the Fast Hadamard-Walsh transform, meaning
one does not need to store A in memory that can be very large (ie. for an n� n
image Awould be a n2 � n2 matrix). Further, if one implements the 2D transform of
the Hadamard-Walsh transform with sequency ordering, then it has the effect of
concentrating all the coefficients with large amplitudes around the (0, 0) pixel as
can be seen in Figure 1(c). This is useful for undersampling procedures with the
relevant masks obtained by transforming a series 2D-delta functions [34]. Finally,
these are orthogonal matrices meaning they are very robust to detector noise [35]. A
side note is that creating such masks at sub-THz wavelength resolutions can create
grating diffraction effects as shown in § 5.3.2 of reference [33].

The Cyclic-Hadamard matrices, also known as Paley Type I and type II
Hadamard matrices as they were first discovered by Paley in 1933 [36], are orthog-
onal and circulant matrices made of 1 s and -1 s. This means they have large noise
robustness, easy binary implementation and they are constructed by having one
vector, c, from which every row is created by cyclic permutations of this vector. For
the spatial masks, this means that iþ 1 mask is obtained by shifting the i mask to
left which can be seen in column two of Figure 1(b). This means that these masks
are most commonly used as physically manufactured masks and can be placed on
spinning discs. These matrices also have a fast-reconstruction technique which
based on their circulant nature. Given an equation y ¼ Cx where is a C is matrix
constructed by cyclically shifting the top row c, then we can rewrite it as y ¼ c⊛x
with ⊛ being the circular convolution operator. Then by the circular convolution
theorem F y

� � ¼ F c⊛x½ � ¼ F c½ �F x½ �, where F is the Fourier transform. This
means that x ¼ F�1 F y

� �
=F c½ �� �

, thus if one uses the Fast Fourier Transform then
the reconstruction algorithm is very efficient with a complexity of O N logNð Þ for an
N-pixel image.
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Random masks constructed from Bernoulli matrices, or Gaussian random
matrices, can also be made from 1 s and -1 s making for easy implementation using
binary spatial light modulators. However, these matrices are not directly invertible
and using a pseudo-inverse can create stability problems. Therefore convex mini-
mization algorithms are usually used for image reconstruction [30, 31]. The main
benefit of this masking approach is that is can be used for undersampling which can
greatly reduce the total measurement time at the expense of complicated calcula-
tions. References [37, 38] were the first theoretical investigation and one can obtain
their reconstruction scripts from reference [39], although reference [40] also freely
provides their MATLAB scripts for another minimization algorithm called TVAL3
[41]. These algorithms can be slow, hence a mention needs to be given to reference
[42] where Kowarlz et al. creates a pseudo-inverse matrix via Fourier-domain
regularization that is able to recover images of quality similar to the slow
minimazation algorithms, however with faster calculations based on matrix multi-
plication methods. Note, they also provide their MATLAB and Python scripts freely
on github [43].

Fourier masks are those derived from the Fourier matrix. However, as this is just
linear algebra representation of the Fourier transform and we are measuring real
images (without imaginary numbers), then we do not need to measure the negative
Fourier frequencies as they are just the complex conjugate of their positive fre-
quency counterpart. The Fourier matrix is also orthogonal meaning it has noise
robustness equal to the Hadamard matrices as well efficient image reconstruction
algorithms, simply the Fast Fourier Transform. These masks, however, are not
binary but require grayscale values which limits their deployability. Binary spatial
modulators can accomplish this either by temporal dithering, at the expense of
slower switch-rates, or by spatial dithering, which creates some quantization errors
[34]. Nevertheless, these masks benefit from extensive literature based on the
Fourier Transform and various image compression algorithms that can be reversed
for image-undersampling procedures.

3. Spatially modulating THz radiation

In this single-pixel imaging modality, the most crucial part is to create a spatially
modulated beam. In this respect for the THz regime there are four main methods
that can be employed; by creating a physical mechanical mask, by changing the
electrical conductivity of a material via the injection/depletion of charge carriers, by
controlling the refractive index of liquid crystal cells and by creating a spatially
varied beam directly at the THz generation stage.

3.1 Mechanical masks

Creating a physical mask to modulate THz radiation has the great advantage that
this is the easiest in terms of manufacturing with great modulation depth, > 99%,
over very broadband frequency ranges. This is because most semiconductors and
plastics are THz transparent whereas conductive metals absorb and reflect THz
radiation [44]. Thus PCB manufacturing techniques can be used to create a set of
spatial masks. This results in masks that need to be mechanically moved, however if
placed on disc high switch-rates could be potentially achieved as discs can spin at
high speeds. These techniques were used in references [45, 46].

There is another modulation technique that falls in this mechanical category.
Namely, mirror arrays where each mirror can be individually addressed. Such
arrays already exist for the visible light regime in the form of digital micromirror

39

Spatial Terahertz-Light Modulators for Single-Pixel Cameras
DOI: http://dx.doi.org/10.5772/intechopen.96691



arrays (DMD). However, DMD mirrors are with dimensions around 10 μ m mean-
ing their THz diffraction efficiency is incredibly low. Therefore larger mirrors were
manufactured by reference [47]. This means they have good working efficiency and
high contrast. Figure 2 shows their concept in parts (a-c) and their results in parts
(d-f). The main problem with these devices is the mirrors have to physically move
which creates some limits in regards to the switch rate, otherwise the metallic
nature of the mirrors means they have a very broadband modulation frequencies.

3.2 THz modulation by charge carrier injection/depletion

The main principle with this THz modulation technique is based upon the Drude
model dielectric function [48, 49].

ε ωð Þ ¼ ε∞ � ω2
p

ω2 þ iω=τs
, (3)

where τs is the carrier scattering time, ε∞ is frequency independent permittivity

due to bound charges, and ωp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ne2=meε0

q
is the plasma frequency of the material

where N is the density of charge carriers with charge e, ε0 is the vacuum permittivity
and me is the effective mass. When the incident wave frequency is higher than the

Figure 2.
Schematic of a single pixel of the THz-SLM for normally incident terahertz waves. The pixel is composed of
mirrors that are arranged in 4 rows and 8 columns. (a) OFF-state for a bias voltage of 0 V. all mirrors are
inclined and incident terahertz radiation (red) is diffracted away (blue) from the transceiver. (b) ON-state for
a bias voltage of 37 V. all mirrors are pulled down to the substrate and incident terahertz radiation (red) is
reflected (blue) into the transceiver. (c) Schematic cross-sectional view of an unreleased mirror. The base of the
mirror adheres to the parylene C, while the part to be released sits on the poly-Si. (d) Schematic cross-sectional
view of a released mirror. The base of the mirror adheres to the parylene C, while the released part is inclined
due to residual stress in the Cr-Cu-Cr mirror material. (e) Modulation contrast of the THz-SLM. The contrast
exceeds a value of 0.5 for a working range from 0.97 THz to 2.28 THz with a maximum contrast of 0.87 at
1.38 THz. (f) Linear dependence of the detected modulated electric field on the number of switched-ON rows in
the THz-SLM. (g) Linear dependence of the detected modulated electric field on the number of switched-ON
columns in the THz-SLM. Figure reprinted from reference [47] under creative commons attribution 4.0
international license, with figures being relabelled and re-scaled.
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plasma frequency, ω>ωp, the material has a dielectric response whereas for ω<ωp

we have a metallic absorbing material response. Therefore, by controlling N we can
change the plasma frequency of the material so the THz wave interacts with a
dialectic or a metallic object. This is the main modulation principle of these devices.
However, vanadium dioxide (VO 2) needs to be mentioned as it can undergo an
insulator-to-metal phase transition via femtosecond optical excitation [50] or an
electric field [51]. This material is placed here as using it as a THz modulator has
identical experimental implementation, despite the fundamental physics being very
different; namely THz modulation via electrical gating or optical excitation.

3.2.1 Optical modulators

Optical based spatial THz-light modulators are currently the best in terms of
achieved switch-rate, operational frequency and ease of implementation. Their
switch-rate and operational frequencies are both similar to the electrical modulators
in that they also rely on modifying the charge carrier density in some material.
However, as they use optical light to achieve this, their experimental implementa-
tion is very different and due to the current state of visible-light SLMs they are
much easier to be implemented. One starts by patterning a visible light beam and
then projecting this spatial pattern onto a semiconductor, thereby creating areas
that experience large optical excitation and other areas which are left in their
ground state. This in turn creates a spatially varying conductivity/absorption profile
on the surface of the semiconductor, and thus if a THz beam passes through this
surface then the inverse spatial pattern from the visible-light beam is imparted onto
the THz beam. The optical excitation can come in two forms, pulsed and continuous
wave. For both cases, the carrier concentration is described by

N tð Þ ¼ e�t=τl

ðt
�∞

G t0ð Þet0=τldt0 (4)

for carrier generation rate G tð Þ and excited carrier lifetime τl. Reference [52]
developed a post-processing technique to account for the above equation, resulting in
significantly improving image signal-to-noise when the masks are switched on time-
scales comparable to τl. However, it should be noted that their mathematical proposal
is more general and is able to account for any other physical processes, relevant to the
temporal response of the system, that can be described by mathematics.

For continuous wave excitation one needs to consider the photo-carrier genera-
tion, recombination and diffusion dynamics within the semiconductor. The steady-
state equilibrium carrier concentration within the semiconductor is given by [48].

N ¼ Carrier generation
Carrierre combination

¼ 2I0Tτl
Vℏωe

, (5)

where I0 is the incident power per unit area, T is the Fresnel transmittance of the
semiconductor, V is the volume where the photocarriers are in, ℏωe is the photon
energy of the photo-excitation beam, and the factor of 2 accounts for the excitation
of electrons and holes1. The modulation depth is going to be the difference between
the ground-state carrier concentration and this new photomodulated concentration.
In Eq. (5) it can be seen that large τl will give the greatest modulation depth,
however this comes at the expense of switch-rate. This is seen in Figure 3(a), where

1 This assumes that the photogenerated holes and electrons have similar properties such carrier mobility,

effective mass, lifetime,... ie. a hole and an electron absorb the same amount of terahertz.
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we plot the carrier density from Eq. (4) for different carrier lifetimes. It can be seen
that for the larger τl values the carrier density still has not reached its ground state
value of 0, however they reach larger carrier densities hence this will result in larger
THz modulation for the same photo-excitation powers. Hooper et al. experimen-
tally studied the excitation powers needed for efficient THz modulation with
regards to carrier lifetimes in reference [54]. Further, the physical resolution with
which a pattern can imprinted on the THz beam is going to be either limited by the
resolution with which we project our visible-light pattern or the carrier diffusion
dynamics. In most cases, photomodulators with lifetimes around tens of microsec-
onds are used hence the diffusion lengths are going be hundreds of microns, which
is much higher than the limits imposed by the projection of visible light. There is a
thorough theoretical study of carrier diffusion and modulation depth for THz
spatial light modulators in reference [55].

For pulsed optical-excitation probed by a synchronous THz pulse, Eq. (5)
changes because the THz pulse can travel through the spatially photopumped
region a few picoseconds after photoexcitation and for τl > 100ps then carrier
recombination can be ignored2 however I0 then becomes power per pulse per unit
area. Further, since the THz pulse can be set to arrive a few picoseconds after

Figure 3.
(a) Carrier density (in arbitrary units) for different carrier lifetimes, shown by the colored numbers in ms, as
we switch a continuous wave source on and off. (b) Illustration of imaging setup: Using a digital micromirror
device and a lens, a pump pulse is spatially structured and projected onto a silicon wafer. This spatially
modulates a coincident THz pulse. This THz pulse then passes through an object and is measured on a single-
element THz detector. Inset is an optical image of a resolution test target (cartwheel) manufactured from gold
on a 6 μm thick silicon wafer. (c-e) THz images of the cartwheel shown in inset in part (b) taken through
400, 110, 6μm thick silicon wafers respectively. See supplementary fig. S4 for a close-up annotated version of
part c. note, the cartwheels in a, b have diameters larger than the field of view. THz polarization is horizontal
in experiment figures (b-e) adapted from reference [53]. The Optical Society (OSA) publishing group copyright
with re-use permission granted by Rayko I. Stantchev.

2 This is also assumes that the pulse repetition period is much longer than the carrier lifetime, ie. the

carriers have relaxed back to their ground state by the time the next pulse arrives.
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photoexictation, then the carrier diffusion lengths become very small (about
500 nm for silicon [53, 56]). This means that the fundamental resolution is set by
the photoexicitation beam provided that one can access the THz near-fields before
the THz beam has diffracted due to propagating through space. In practice, this
means using ultra-thin photomodulators. Figure 3(b) show the setup of a study
which shows how the THz image resolution is affected by the photomodulator
thickness, with parts (c-e) showing the achieved resolution of 154, 100, 9 μm with
silicon wafer thicknesses of 400, 110 and 6 μm achieving about λ=45 resolution.
Recently Chen, et al. used an even thinner photomodulator, 180 nm thick vanadium
dioxide, to obtain even better resolution at 4.5 mum at λ=100 [57].

3.2.2 Electrical modulators

Electrical based modulators are likely to be the long-term future solution for
spatial THz modulators because they have very little fundamental limitations.
Namely, the maximum switch-rates are limited by the carrier recombination rates
meaning they can potentially achieve megahertz switch rates, provided the RC
constants of the devices are taken into account, especially with electrically tunable
materials such as graphene [58, 59]. Their size is determined by photolithographic
manufacturing technologies, which is already orders of magnitudes smaller than the
THz wavelengths meaning that pixel sizes can be highly subwavelength. In fact,
sometimes THz modulation structures can be too large for some commercial pho-
tolithographic systems. They are fully self-contained and compact, which is their
main advantage over the optical based modulators (see §3.2.1) that need a laser, a
spatial visible-light modulator and a photomodulator. However, in the near-term
future they are unlikely to be commercially available. This is because their modula-
tion amplitudes are determined by how carriers are injected/depleted via electrical
gating and this is yet to optimized.

One of the first demonstrations of this modulation technique was by Kleine-
Ostmann et al. in 2004 [60] where they electronically depleted carriers from a
GaAs/AlGaAs interface, achieving about 3% modulation across a broadband fre-
quency range of 0.1 to 2 THz. Since then there have been numerous attempts at
improving the modulation depth, see references [61, 62] for recent reviews. These
efforts have included enhancing the interaction between the THz wave and the
charge carrier regions by metamaterial structures [63, 64]. Others have recently
used graphene as the modulator [65, 66]. Using metamaterials or Fabry-Perot type
resonances to enhance the modulation depth has the trade-off of reducing the
working frequencies of the modulator. A further note is that subwavelength grating
structures can enhance the THz modulation over a broadband range [58] for the
correct THz polarization.

In 2014 C. M. Watts et al. created an electrical based THz-SLM in reference [67],
and Figure 4(a) shows their experimental schematic and part (b) shows an image
of their SLM. They electrically change the THz absorption of a 2 μm thick layer of n-
doped GaAs, with each individual pixel being addressed by a FPGA array. The
authors study the noise in final images from raster, random and Hadamard masks.
Some of their results can be seen in Figure 4(c) and (d) with part (e) showing their
object. Note, they were able to obtain 8� 8 images at 1frames-per-second with
Figure 4(f) showing 5 frames of the object in part (e) moving across the field of
view. The device itself does not have large modulation depths meaning it mostly
serves as a powerful proof-of-concept device. Another study creating an electrical
based THz-SLM used graphene to create a 4� 4 electro spatial-modulator [68]. And
at last but certainly not least, we have the 2020 contribution of Y. Malevich et al.
[69] where they built a 16� 16 SLM by electrically gating two graphene layers

43

Spatial Terahertz-Light Modulators for Single-Pixel Cameras
DOI: http://dx.doi.org/10.5772/intechopen.96691



sandwiching an electrolyte. This device has broadband modulation depth and the
electrolyte results in needing small voltages (below 4 V) meaning it can be easily
integrated with microcontrollers. However the switch-rate, shown to be up-to
1 kHz, is limited by the generation of an electrical layer at the electrolyte-graphene
interface, therefore more work is needed to optimize the modulation depth and
switch rate. Nevertheless, these results [69] mark big progress towards a THz-SLM
with a large number of pixels and low driving voltages.

3.3 Spatially patterned THz generation

Another innovative approach to single-pixel imaging is to create a spatially pat-
terned beam at the generation step, rather than generate a homogeneous beam that is
then spatially modulated, which has the benefit of not needing a THz-SLM. For the
terahertz regime, this can be accomplished by three possible ways. First, having an
array of photoconductive antennas [70–72], however this approach suffers from
antenna cross-talk and inefficiency problems arising from the small working-area of
the antennas whilst occupying a large area. Further, such antennas arrays have only
been used as detectors. The second method is to use an electro-optic (EO) crystal that
converts visible-light to THz frequencies via non-linear polarization effects [73]. The
generation of THz radiation is localized to where the visible light is, hence projecting

Figure 4.
(a) Schematic of the single-pixel imaging process utilizing an SLM. An image is spatially modulated by the
metamaterial and the resulting radiation is sent to the single-pixel detector. (b) Photograph of the SLM
(courtesy of K. burke, Boston College media technology services); total active area of the SLM is (4.8 mm2).
(c) Image reconstruction using 64 masks with each mask displayed for 22.4 ms, giving a total image acquisition
time of 1.43 s. (d) Image reconstruction using FISTA and 45 masks with each mask displayed for 22.4 ms,
giving a total image acquisition time of 1 s. the colourmap scale of each reconstruction was chosen to best display
the data. (e) Photograph of the object studied. The object was scanned across the field of view at a speed of
1.8 mm/s. (f) Consecutive tiles show FISTA reconstruction using 45 Hadamard masks. Only the first five
frames are shown in the figure (see supplementary section ‘compressive sensing’ for full movie: 10 frames).
The approximate position of the cross aperture is shown in yellow as a guide to the eye. Figure adapted from
reference [67]. Copyright nature publishing group with re-use permission granted by Willie J. Padilla.
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a spatially varying light beam will generate a THz-beam with the same spatial fea-
tures. This idea was implemented by references [74, 75] where they used a used a
SLM to pattern an 800 nm femtosecond pulse and project that onto a ZnTe crystal.
The third method is similar to the second one, with the difference being the use of a
spintronic THz emitter instead of an electro-optic crystal. Here the inverse spin Hall
effect is used to generate an ultrafast current transient that generates the THz radia-
tion [76–78]. The spatial patterning is again done by a visible-light SLM since the THz
generation is again localized to areas where the optical-pump was shined upon. This
was demonstrated by Chen et al. in reference [79].

The similarities between the spintronic and electro-optic crystal approaches are
that they both require femtosecond pulses with mJ/cm2 powers and both measure
the THz field-strength with sub-picosecond temporal resolution. The differences
come from limitations imposed by the electro-optic crystals. First, absorption at the
EO crystal phonons limits the working frequencies whereas spintronic emitters can
emit from 1 to 30 THz [77], although organic EO crystals can significantly improve
working bandwidth with commercial companies offering crystals emitting from 0.3
to 16 THz [80]. Second, EO crystals are typically thicker than the THz wavelengths
for good working efficiency whereas spintronic emitters are nanometer thick
allowing easier access to the THz near-fields for subwavelength resolution [79].
Finally, for the spintronic emitters the emitted THz polarization state is easily
controlled by the externally applied magnetic field needed for THz emission [76],
whereas for the EO crystal approach one needs to add an additional visible light
SLM [81] resulting in increased system complexity.

Figure 5(a) shows the experimental setup of reference [79] which uses the
spintronic emitter array approach. Note that the EO crystal approach is identical in
that you only have to replace the spintronic emitter with the EO crystal and remove
the magnetic field, then place the object as close as possible to the emitter array.
One should note that the use of the second DMD in Figure 5(a) is only to correct
the phase front induced by first DMD, which can also be achieved by the technique
shown in the supplementary information of reference [82]. The spintronic emitter
is nanometer thick hence Chen et al. was able to resolve metallic lines 6 μm in
width, as shown in Figure 5(c)–(g), which is significantly shorter than the THz
wavelengths. Note, at these subwavelength scales polarization effects become sig-
nificant as be seen when comparing Figure 5(d) and (e) where they show images
with horizontal and vertical polarization, respectively, of the same object.

3.4 Liquid crystal THz modulators

Liquid crystal modulators work by the re-orientating the material molecules
under an applied voltage. As the molecules are oblong, this changes the refractive
index that an electro-magnetic wave experiences. Therefore these devices are great
for phase modulation giving the greatest freedom in the values that the sampling
matrix can take. In other words, they can theoretically project a Fourier matrix that
has grayscale complex-values. Note that complex valued masks can be used in
conjunction with an intensity only detector to obtain an image that has phase and
amplitude information [83]. A liquid crystal based SLM for THz was computation-
ally studied [84]. However, the re-orientation of the molecules is a slow process,
and in the visible light regime liquid crystal displays are typically limited to below
100 Hz switch rates. Due to the longer THz wavelengths, thicker layers of liquid
crystals are needed resulting in even slower switch rates. For this reason, liquid
crystal spatial modulators for THz radiation have been limited mostly to applica-
tions where slow switching speeds are acceptable such as dynamically controllable
lenses [85, 86], absorption [87] or polarization control [88].
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4. Applications and discussion

The first demonstration of a single-pixel THz camera that uses a multi-pixel
modulation approach3 was in 2008 by Chan et al. [89]. Therein the authors showed
amplitude and phase imaging was possible. Since Chan showed single-pixel THz
imaging with metallic masks [89], most publications up until now have focused on

Figure 5.
(a) Schematic of the GHOSTEAM system. The spintronic THz emitter array (STEA) is excited by two-DMD-
encoded fs laser pulses and generates spatially coded THz pulses. An object “CAEP” was placed in the near-field
region (z< < λ). The illuminating THz pulse was collected and sent to a single-pixel detector. (b) Schematic of
the STEA, consisting of a W(2 nm)/Fe(2 nm)/Pt(2 nm) trilayer heterostructure and working in the binary
emission state with polarization perpendicular to applied magnetic field. (c) Optical image of an object with a
field of view of FOV 1 = 834 μm 834 μm. the bright regions are gold attached on the 150-nm-thick
protective SiO2 layer on top of the STEA. THz ghost images in FOV 1 with a magnetic field (green arrows)
applied along the vertical direction (d) and horizontal direction (e). The pixel size and scale bar are 13.0 μm
and 100 μm, respectively, for both images. (f) THz ghost image in FOV 2 (indicated by the black dashed box in
c) with a pixel size of 6.5 μm and a scale bar of 50 μm. the applied magnetic field B is along the horizontal
direction (indicated by the green arrow), and the polarization of the THz radiation (indicated by the white
double-headed arrow) is perpendicular to B. (g) Averaged amplitude of the THz field along the black dashed
arrow in (f). Figure adapted and relabelled from reference [79]. Copyright nature publishing group with re-use
permission under creative commons attribution 4.0 international license.

3 Technically, a raster scanner is a single-pixel camera. However this chapter concerns itself when the

beam of radiation has multiple scatters and apertures in each measurement. Therefore raster scanners are

excluded.
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improving the implementation by showing proof-of-concept modulation/genera-
tion techniques as opposed to potential applications. Shortly after in 2009 spectro-
scopic imaging was demonstrated [90]. The next experiment was in 2012 by Shen
et al. [46] where they used a spinning disc with random masks, but it should be
noted that their experiment used an infrared and a THz source whilst using the
same SLM. The first demonstration of an optical based SLM was by Shrekenhamer
et al. in 2013 [49]. The same group then published an electrical based SLM for
single-pixel THz imaging in 2014 [67]. The next developments showed in 2016 that
such imaging systems can detect a sub-wavelength fissure (8 μm) in a circuit board
hidden by silicon [56]. Other applications show that these single-pixel cameras can
be used for near-field biological imaging [91, 92], sub-wavelength THz mapping of
graphene photoconductivity [82] as well as 2D tomographic imaging [93]. Further,
observing hydration changes in a leaf due to intense light exposure over a 15 minute
period has also been demonstrated [52]. Other recent studies include demonstrating
a spinning disc system working from 3 to 13 THz using random masks [45]. Refer-
ence [94] shows how random, Hadamard and masks based on the discrete cosine
transform perform in the THz regime and reference [95] studied Hadamard vs.
Fourier masks in the context of undersampling performance.

The potential applications and capabilities of single-pixel THz cameras are
directly determined by the THz source and detector, rather than the technique used
to impart a spatial pattern in a beam of THz radiation. As such, it is unlikely for
there to be a single-solution for all practical applications. Therefore, it is valuable to
discuss where each of the techniques in §3 are likely to be used and how they
compare to other THz imaging techniques. Metamaterial based SLMs, or specifi-
cally those that work over a few select frequencies, are unlikely to become wide-
spread. This is because if you want to take an image only at one THz frequency then
you can just use a bolometer detector array [18] and combine it with digital holog-
raphy [19, 20] for an amplitude and phase measurement. Single-pixel imaging
technologies are hampered by the serial data acquisition process, as such they will
never truly compete at fast imaging rates with the parallel-data acquisition of
detector arrays. As mentioned earlier, they compete in terms of being applicable
when a detector array with the desired capabilities is just infeasible. This for THz
technology translates itself to time-gated detection techniques that measure the
amplitude and phase of a THz pulse with sub-picosecond temporal resolution, for
example photo-conductive antennas [73].

The metallic/physical based masks, employed in §3.1, have contrast ratios of �
99% over very large working frequencies. For example, holes in an aluminum plate
could be used as an SLM for visible light as well for sub-THz frequencies and
everything in between including ultrasound beams. The upper frequency limit is set
by the plasma frequency whereas the lower frequency limit is set by the penetration
depth at GHz frequencies. The major drawback is the physical movement involved
in changing the masks. Using dynamically controlled mirrors, such those in
Figure 2, requires no physical movement however their diffraction efficiency at
low frequencies needs to be considered before implementation. Otherwise, their
frequency response is going to be again to be determined by the reflection of a metal
hence it is very broad. Such SLMs are probably most compatible for THz spectrom-
eters that can measure between 1 and 30 THz [45], such as those based on air-
plasma [96], spintronic [77] and organic EO crystals [80] emission techniques. This
is of course compared to conductivity based SLMs of §3.2.

Modifying the Drude plasma frequency of a semiconductor via injection/deple-
tion of charge carriers has great potential for compact integration of the entire
imaging system, as long as electrical gating is used as it negates the need for an extra
pump-laser. The drawback is that to ensure modulation depth over a large
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frequency range the Drude plasma frequency has to be sufficiently modified. For
example, after photoexcitation of silicon if ωp moves from 0.01 THz to 25 THz, then
the modulation depth for frequencies above 20 THz is going to be very poor.
However, if the measurement only needs to measure frequencies between 0.1 and 2
THz with 100 fs temporal resolution, the working frequencies of many commercial
THz-TDS systems, then this plasma frequency is going to be fine. For example,
reference [52] achieved a 32� 32 THz video with 6 frames-per-second using a
system with such measurement capabilities. Their SLM is an optical excitation one,
hence their system is not as compact as that shown in Figure 4 but it demonstrates
that fast THz imaging with single-pixel cameras is possible. Nevertheless, Chen
et al. showed a THz amplitude modulation of near 200%4 over the frequency range
of 0.1 to 2 THz using electrical gating of graphene [59]. This shows electrical
modulators have great potential but they are far from being commercially available
as it was only in 2020 that a demonstration of 16� 16 THz modulator was published
[69], which has lower modulation depth and slower switch-rate than reference [52].
Finally, the physical resolution of these approaches is ultimately limited by the
visible light pattern or the manufacturing technology used to make the array. As
such, electrical modulators are capable of reaching resolutions of 150 nm and then
not have issues of misalignment. In terms of sheer resolution, however, they are
unlikely to compete with the 10 nm resolution achieved with AFM-tips [24]
although due to the multiple scatterers and apertures in each measurement they
will have larger SNRs [56] and thus offer quicker acquisition. A side note is that
using Hadamard-Sylvester masks at sub-wavelength resolutions can result in
grating-like diffraction effects for individual masks as shown in chapter 5.3.2 of
reference [33].

Direct generation of a spatially varying THz beam, §3.3, has the benefit of not
needing a THz-SLM at all, reducing the system complexity, whilst having visible
light resolution. However, all the current techniques demonstrated have one major
drawback: they need pulse energies around 1 mJ/cm2 for sufficient signal-to-noise.
A back of the envelope calculation shows that if such fluences are needed over a
500� 500 μm square, then average laser powers of 2.5 mW, 0.625 W and 125 W
incident onto the emitter area would be needed if the laser repetition rates are
1 kHz, 250 kHz and 50 MHz respectively5. The lower repetition rate lasers have
lower signal-to-noise (measuring less pulses per unit time) and usually have larger
laser noise-fluctuations causing further degradation. As such, these techniques are
likely only usable for areas smaller than 500� 500 μm where accessing the THz
near-fields is necessary. Their competing technology is mapping out the THz fields
onto a EO crystal using a CCD camera [21], which can achieve near-field resolution
and still measure the THz-fields with sub-picosecond temporal resolution. Theoret-
ically, neither the technique of reference [21] and that shown in Figure 5 have an
edge over of the other. However, in terms of experimental implementation the
spintronic emitter array [79] has some advantages. Namely, easily controllable
polarization and you need a high-quality camera for the EO-mapping approach [21]
wheres as DMDs are low cost and found in everyday projectors. Finally, the EO-
mapping approach needs an ultra-thin EO crystal thereby necessitating the use of an
intense THz-source, whereas the spintronic array could possibly be implemented
with a 100 kHz laser which should improve the SNR.

4 This is was done by changing the reflection coefficient from 1 to �1 near the Brewster angle.
5 Losses from various optical elements would occur and hence higher laser powers will be needed

initially.
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5. Conclusions

Although the first experimental implementations of single-pixel cameras can be
traced back to 1976 [97], such imaging approaches were not widely studied or
implemented in the commercial world. The reason is that the serial measurement of
such ideas can not compete with parallel data acquisition of imaging arrays. Fur-
ther, compressed sensing techniques began gaining mainstream attention in 2006
after two publications [37, 38]. This coincides with the development of visible light
spatial modulators thereby allowing the implementation of the ideas in references
[37, 38]. Whilst inherently slower than imaging arrays, these single-pixel cameras
are much more robust and easier to implement in areas where imaging array
technology is unavailable. In particular, the terahertz frequency regime.

This book chapter began by outlining the current state of THz cameras. Then it
discusses the background theory of single-pixel imaging techniques. Most of the
chapter was dedicated to discussing the current state of spatial THz-light modula-
tors for use in single-pixel THz imaging in §3. The modulation techniques discussed
are based on mechanical masks §3.1, optical §3.2.1 and electrical §3.2.2 modulation
of conductivity, direct generation of spatially varying THz beams §3.3 and liquid
crystal modulators §3.4. The final §4 is a discussion of the current state of single-
pixel cameras as well the pros and cons of each different THz-SLM methodology.

The most advanced THz-SLM at present are those based on optical excitation of
semiconductors, §3.2.1, however this is mostly because of their ease of implemen-
tation with current technology. Electrical modulators, §3.2.2, are likely to become
the most used in the long term because compared to optical modulators they offer
the same potential switch-speeds if not quicker, the same working frequencies, they
are more compact and the physical resolution is limited by photolithrographic
technology as opposed to visible light resolution. Further, the physical resolution
been limited by the diffraction of the visible light-pump in an optical SLM is only
achievable with high-power low-rep rate lasers, whereas electrical modulators
would be compatible with fiber-based THz systems, that have magnitudes higher
SNRs and are much cheaper, whilst maintaining the same resolution. Generating a
THz beam with spatial variations has great resolution set by the visible-light dif-
fraction limit, however their appeal will significantly drop the moment someone
builds an electrical-based THz modulator with say 500� 500 nm sized array ele-
ments that can be placed in the near-field of an object. Mechanical masks are mostly
likely to be used in some niche applications that for example require simultaneous
imaging with a THz beam and an ultrasonic beam. Liquid crystal modulators are
unlikely to be used in single-pixel imaging unless there is a breakthrough that allows
their switch-rates to reach 10 kHz, although they offer the most freedom in regards
to the values of the projected masks (ie. complex grayscale values).

Ultimately, the development of single-pixel THz cameras is likely to proceed
with optical modulators being used in university laboratories to optimize the algo-
rithms and methodologies used in image recovery as well as synchronization of all
the equipment. Simultaneously there will be an effort to develop electrical based
array modulators that have fast-switch rates and large modulation depth over a
broadband frequency range. Then the miniaturization of such modulator arrays will
start and it is likely that at this point such commercially available THz-SLMs will
become available from new specialized start-up companies. Spatially-generated
THz beams will likely remain only in laboratories for fundamental studies of dif-
ferent systems, but are unlikely to be used for industrial and commercial applica-
tions mostly due to the requirement of pump powers of � 1 mJ/cm2. Further, they
are compatible with time-gated synchronization of visible-pump THz-probe
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experiments allowing the study of sub-picosecond photoexcitation dynamics, hence
their appeal to university labs.
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Chapter 4

Probing Biological Water Using
Terahertz Absorption
Spectroscopy
Rajib Kumar Mitra and Dipak Kumar Palit

Abstract

Hydrogen bonding properties of water molecules, which are confined in
microcavities of biological interfaces, are significantly different from those of bulk
water and drive most of the complex biological processes. While NMR, X-ray and
UV–vis-IR spectroscopic techniques have been found inadequate for describing the
dynamics of the thick (20–40 Å) sheath of hydration layer around biomolecules,
recently developed THz spectroscopy has emerged as a powerful technique to
directly probe the collective dynamics of hydrogen bonds in the hydration layer,
which control all important functions of the biomolecules in life. Both laser and
accelerator-based THz sources are intense enough to penetrate up to about 100 μm
thick water samples, which makes THz transmission and/or dielectric relaxation
measurements possible in aqueous solutions. These measurements provide valuable
information about the rattling and rotational motions of hydrated ions, making,
breaking and rearrangement of hydrogen bonds in hydration layer as well as
hydrophilic and hydrophobic interactions between biomolecule and water. THz
spectroscopy has also been successfully applied to study the effect of modulation of
the physical conditions, like temperature, pH, concentration of proteins and chem-
ical additives, on the structure and dynamics of hydration layer. THz spectroscopy
has also been applied to study the processes of denaturation, unfolding and
aggregation of biomolecules.

Keywords: Hydration Layer, Biomolecules, Hydrogen bond reorganization
dynamics, THz spectroscopy, Protein aggregation

1. Introduction

Water molecules, which reside on the surfaces of proteins or lipid bilayers or in
tissues and cells, exhibit properties that are significantly different from those found
in pure or bulk water as water molecules in such biological systems face additional
interactions [1–7]. Unique properties of such water molecules, which are confined
in microenvironments of biological surfaces or interfaces are popularly termed as
‘biological water’. This water drives many biological processes, in which it plays
wide varieties of roles at different levels of complexity making its participation
increasingly evident as an active agent and not simply as the spectator solvent
[8–12]. Biological water differs from bulk water in a number of ways. First, cluster-
ing of the water molecules at the surface of a protein increases the local density by
as much as 25% compared to that in bulk water [13, 14]. MD simulation by Smith
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et al. has revealed that about half of this density increase arises from the shortening
of the average water – water distances and the other half from an increase in the
coordination number [15]. Second, replacement of the water–water hydrogen
bonds by the water–protein hydrogen bonds in the protein hydration layer lowers
the freezing point of the hydration water (i.e. prevents formation of ice). The
hydration layer of many proteins does not freeze even at sub-zero temperatures and
thus life may sustain even at low temperatures [16–18]. Third, in bulk water,
mutual polarization of the hydrogen bonded water molecules increases the dipole
moment and dielectric constant. Such polarization is absent for water molecules in
hydration layers of biological molecules, i.e. biological water is less polar than bulk
water [19]. Further, measurements of water dynamics suggest that around 10–25%
of water molecules in cells have slower reorientation dynamics, by around an order
of magnitude, than those in the bulk [2, 20]. Centrality of liquid water to life can be
easily understood from the fact that condition for the search for the possibility of
life elsewhere is the presence of trace of water [21]. In spite of this status, role of
water in sustaining life is still not understood perfectly [12]. It is now, however,
clear that water plays an active role in the life of the cell over many scales of time
and distance and exhibits diverse structural and dynamical roles in molecular cell
biology [3, 22].

In liquid (or bulk) water, the molecules form a tetrahedrally coordinated motif,
which is the building block of ephemeral six-membered (ice-like) or five-
membered (clathrate-like) ring structure, consisting of fluctuating network of
hydrogen bonds, but each bond has an average lifetime of about a picosecond [23].
Thermodynamics of hydration in water are generally governed by a balance
between the enthalpic and entropic consequences, namely the enthalpies of water–
water and water–solute interactions (hydrogen bonding, electrostatic, and van der
Waals) and the entropies of disrupting the relatively ordered hydrogen-bonded
networks of bulk water and forming new hydrogen bonds to suit the geometric
factors of the biological interfaces [15, 24, 25].

Similarities in water dynamics in hydration shells of various proteins [26] sug-
gest that the dynamics are determined by rather general features of surface chem-
istry and topology, which induce excluded volume effects and hinder the approach
of new hydrogen bond acceptors within the hydration network. There is now
universal recognition that the dynamical behavior of biological macromolecules
cannot be decoupled from that of water and the dynamical behavior of the hydra-
tion shell largely controls the chemical function of the biological molecules [27, 28].

Since the development of this understanding that biomolecules are surrounded
by a sheath of hydration water, which takes active part in all of their normal
activities, extensive efforts have been made to perceive the detailed structure and
dynamics of the hydration layer using a variety of spectroscopic methods, such as
X-ray and neutron scattering [14, 29, 30], NMR [31–33], second harmonic genera-
tion [34, 35] and ultrafast fluorescence and IR spectroscopies [1, 2, 22, 26, 36, 37],
assisted by ab initio and molecular dynamics simulations [24, 25, 38, 39]. However,
these measurements could provide information about the dynamics of water and
the biomolecules at a low-hydration level corresponding to the first layer of hydra-
tion water only. Since fluctuations of protein and solvent dynamics take place over a
wide range of length scales (in the range of a few nm) and timescales (from
milliseconds to picoseconds) influencing several aspects of protein function, no
single technique can span so many spatial and temporal orders of magnitude.
Therefore, there has obviously been a debate about how to reconcile the results of
different experimental methods that explore dynamics [1, 2, 22, 40, 41].

Recent realization that low-frequency and large-amplitude modes of water mol-
ecules in the hydration shell are particularly important in controlling the
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conformational changes that dominate protein function, has led to using the
terahertz (THz) spectroscopy to observe water dynamics around biological mole-
cules [42, 43]. THz radiation (1 THz = 1012 Hz = 33.33 cm�1) excites the low
frequency vibrations of the solvated protein and directly probes the collective
hydrogen bond dynamics of the coupled protein-water system in (sub-) ps time
domain. Librational, translational and intermolecular, collective motions of hydra-
tion water, as well as large amplitude motions of biomolecules, also occur in similar
time scale (see Figure 1). In frequency domain, this corresponds to low-frequency
modes in the 1–10 THz frequency region. In spite of the fact that water molecules
strongly attenuate the THz radiation in this frequency region, laser or accelerator-
based THz sources (vide Section 2) are now powerful enough to penetrate water
layers. Modern THz spectroscopic techniques can provide valuable information
about water dynamics in the frequency region of the electromagnetic spectrum
(0.3–20 THz or 10 to 600 cm�1, the so-called “terahertz gap” between the dielectric
and the infrared regimes). This has offered a unique view of the hydration water in
fully solvated biomolecules.

2. THz transmission or absorption spectroscopy

Two kinds of THz spectroscopy techniques, namely THz transmission and THz
time-domain spectroscopy (THz-TDS), have extensively been used to record the
THz absorption spectra of biological materials. THz transmission spectroscopy is a
simple single or dual beam steady state spectrometer using THz radiation beam to
estimate the THz absorption coefficient. THz transmission or absorption spectros-
copy of fully solvated biomolecules in water yields direct information on the global
dynamical correlations among solvent (water) molecules. However, application of
THz spectroscopy to study solvated biomolecules was not possible because of huge
absorption of water in the THz frequency range. This problem was solved by the
development of the p-Ge laser, which was a strong the THz emitter [44–47]. Prior
to this development, weak radiation power of standard sources like a globar or an
arc lamp in the far IR and THz region was the cause for poor signal to noise ratio
and the measurements were limited to powders or hydrated films of biomolecules,
but not in their native aqueous environment. Free-electron lasers [48, 49] and
synchrotrons [50], which are also sources of high power far-IR and THz pulses,
have also been reported to be used for spectroscopy studies of biomolecules but are
not easily accessible. THz transmission spectroscopy of water in biological systems
received a momentum after the discovery of the p-Ge laser. This laser is a powerful

Figure 1.
The hierarchy of time scales for motions of proteins and their hydration environment. (Adopted with permission
from ref. [43], Copyright (2015) American Institute of Physics).
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table-top THz source (up to about 400 W) and has the tunability in the 80–
100 cm�1 (2.4-3.3 THz) frequency region. Development of a table top dual beam
(reference and sample arms) THz transmission spectrometer ensured accurate
measurements of absorption of water of thickness as large as 100 μm [51].

Accelerators delivering ultrashort pulses of relativistic electrons have been
widely used as a source of high intensity THz radiation. Free electron lasers and
synchrotrons are actually seeded by short duration electron pulses. An easier
method of generating high intensity and tuneable THz radiation using an ultrafast
electron accelerator is the coherent transition radiation (CTR). CTR occurs when a
charged particle passes through an interface between media with different dielectric
constants [52–55]. Sudden change in the dielectric constants along the electron’s
path causes a discontinuity in the electric field at the interface and this discontinuity
readjusts itself as radiation spreading out from the point where the electron passes
through the discontinuity. The angular spectral energy density of the CTR depends
on the dielectric constants of the two media [56, 57]. Since the dielectric constants
of aluminum and gold are much more than that of vacuum in far-IR region, these
two metals are frequently used as perfect conductors. Direction of propagation and
the intensity distribution of the CTR with respect to the angle of incidence of the
electron pulse on the target has been discussed in detail in Ref. [53].

At wavelengths shorter than the bunch length, the emitted radiation field is
incoherent and total intensity is proportional to the number of electrons (N). But at
wavelengths longer than the electron bunch length, the radiation emitted from the
bunch is coherent. With a typical number of electrons per bunch on the order of
108–109, the coherent radiation intensity greatly exceeds that of incoherent radia-
tion. Especially, at long wavelengths compared to the bunch length, the radiation
intensity is proportional to the square of the number of electrons in the bunch.
Therefore, it is possible to generate coherent radiation in the far-IR or THz spectral
range from short electron bunches with bunch lengths of hundred micron or less.
Moreover, the shorter the bunch length, the broader is the radiation spectrum that
can be generated. With larger number of electrons in the bunch, the total intensity
(both coherent and incoherent components) of the CTR at frequency ω is given by,

Itotal ωð Þ ¼ NIe ωð Þ N � 1ð Þ 1þ N � 1ð Þf ωð Þ½ � (1)

In this equation, contribution of the coherent component, Icoherent(ω), is given by,

Icoherent ωð Þ ¼ N N � 1ð ÞIe ωð Þf ωð Þ (2)

Here,

f ωð Þ ¼ e�
ωσz
cð Þ2 (3)

and Ie(ω) is the radiation intensity generated from one electron in the bunch and
Eqs. (1) and (2) have been derived assuming that all electrons in the bunch have the
same energy. f(ω) is the bunch form factor at frequency ω, and it is the absolute
square of Fourier transformation of the normalized bunch distribution. σz is the
Gaussian bunch width in μm. Moreover, the shorter the bunch length, the broader is
the radiation spectrum that can be generated. The Gaussian electron bunches with
bunch lengths of 100, 200 and 300 fs can provide broadband radiation spectra
covering the wavenumbers up to about 220, 110 and 70 cm�1 (or 6.6, 3.33 and 2.1
THz), respectively [55].

In THz transmission measurements at AIST, Tsukuba, Japan, a femtosecond
linear accelerator system, which delivered electron pulses of about 300 fs duration,
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and electron energy of 42 MeV and � 100 pC charge (�108 electrons per one
macro-pulse) [58], was used. Electron beam was directed to hit a thin gold foil
(thickness is about 500 μm) at an incidence angle of 45°. CTR, which contained the
component of THz radiation, was collected in the direction perpendicular to the
electron beam using a gold coated parabolic mirror and the intensity of the THz
radiation was measured using a Schottky diode detector [54]. Intensity of the THz
pulse generated by this method was of high intensity (about 100 nJ/micropulse and
covered a wide frequency range (0.3–2.5 THz), which was practically determined
by the frequency response of the Schottky diode detector. Band pass filters (Tydex,
Russia) were used to select a band of THz frequencies for estimation of absorption
of protein solutions. Absorbance of the solutions of different path lengths were
measured. Samples were taken in Bruker liquid sample cells, path lengths of which
were varied using Teflon spacers of required thicknesses. Fused silica windows
having thickness of 1.5 mm were used in the Bruker sample cell. Thicknesses of the
Teflon spacers used were in the range of 20 to 150 μm. Absorption coefficient value
(in cm�1) of the solution was estimated from the slope of the linear plot of absor-
bance vs. path length of the cell (Eq. (4)) [59]. Experimental arrangement used here
corresponded to that of a single beam absorption spectrometer.

ln
I0
Id

� �
¼ αsold (4)

Here, I0 and Id represent the beam intensities in the absence (i.e. using the blank
cell) and presence of the sample solution, respectively. αsol represents the absorp-
tion coefficient of the sample solution, d is the path length or thickness of the
sample.

The absorption coefficient of the sample, α, is defined by,

α ¼ 4πνk
c

(5)

ν (cm�1) is the frequency of THz radiation, k is the imaginary part of the
complex refractive index and c is the speed of light. The complex refractive index is
defined as,

n νð Þ ¼ n νð Þ þ i k νð Þ (6)

The real part n νð Þ describes the refractive index of the sample, while the imag-
inary part k is the absorption.

Presently, the THz-TDS in the 0.1–10 THz (3.33 cm�1– 333 cm�1) region is the
most popular technique, which has been extensively applied in the fields of research
in chemistry, materials science, physics, engineering, medicine as well as in indus-
try [60–74]. THz -TDS has also been proved to be a valuable technique for investi-
gation of low frequency dielectric relaxation and vibrational spectroscopy of
hydrogen bonded liquids, such as water, alcohols, and others [75–77]. While various
configurations of the THz time-domain spectrometer have been used depending on
the kind of applications, we will describe here the general principle of the technique
and the spectrometer configuration used for investigation of biomolecules.

The core principle of the THz-TDS technique, which uses a short duration (say a
few tens of femtosecond) pulses of THz radiation, is measurement of the transient
electric field associated with the THz pulse rather than variation of intensity of the
frequency components of the THz pulse. However, since the response or the rise
times of the electronic components and detectors are slower than a few ps, it is the
normal practice to use the pump-and-probe kind of optical configurations in

61

Probing Biological Water Using Terahertz Absorption Spectroscopy
DOI: http://dx.doi.org/10.5772/intechopen.97603



ultrafast spectrometers in order to overcome the slow response of the detectors. To
achieve sub-picosecond time resolution in THz-TDS, the ultrashort NIR optical
pulse (typically shorter than 100 fs) is beam-split along two paths to generate pump
and probe pulses and to detect the time dependent THz field using a time-delay
stage. Schematic diagram presented in Figure 2 represents the principle of a THz-
time-domain spectrometer.

The pump pulse, which contains the major amount of energy (more than 70% of
the total energy of the laser beam), is used for generating broadband pulses of THz
radiation using a photoconductive antenna consisting of a low temperature grown
GaAs or InGaAs film covered with metallic contacts for application of bias voltage,
or by optical rectification in ZnTe(110) crystal. The pulsed beam of THz radiation is
collimated and focused onto the sample using gold coated parabolic mirrors. After
transmission through the sample, the THz beam is recollimated and refocused on
another photoconductive antenna or ZnTe(110) crystal, which works as the THz
detector. Recently, ZnTe (110) crystal are being used extensively both as THz
emitter as well as in detection because of possibility of its application in much wider
THz frequency region as compared to that has been possible using photoconductive
antenna.

The probe beam is used to gate the detector and measure the instantaneous THz
electric field using the method of electro-optic sampling. A high precision linear
motion stage is used to delay the probe pulses to arrive at detector crystal with
respect to the pump pulses. The THz pulse and the gate (NIR) pulse are propagated
collinearly through the ZnTe crystal. The THz pulse induces a birefringence in ZnTe
crystal, which is read out by a linearly polarized gate pulse. When both the gate
pulse and the THz pulse are present in the crystal at the same time, the polarization
of the gate pulse will be rotated by the THz pulse depending on the strength of the
electric field of the THz pulse. Using a λ/4 waveplate and a beam splitting polarizer
together with a set of balanced photodiodes, the THz pulse amplitude is mapped by
monitoring the gate pulse polarization rotation after the ZnTe crystal at various
delay times with respect to the THz pulse (Figure 2(a)). A Fourier transform is
then used to convert this time domain electrical signal to a frequency domain
spectrum (Figure 2(b)). The optical path from THz generation to THz detection is
purged with dry nitrogen gas to avoid the effect of the humidity.

Dielectric relaxation measurement is a sound method to investigate
intermolecular interactions and is capable of monitoring cooperative processes at
the molecular level [78–80]. This method is appropriate to monitor molecular
motions in widely varied time scales and has been used extensively to study the
structure, dynamics, and macroscopic behavior of complex systems [81]. A brief

Figure 2.
(a): Schematic diagram of a typical THz - time-domain spectrometer. (b): Temporal variation of electric field
of the THz pulse and its Fourier transform in air and in presence of water.
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discussion (more details may be found elsewhere [81]) on the basic principle of
dielectric polarization is presented below.

Dielectric polarization in static electric field: If a dielectric material is placed in an

external static electric field E
!
, there occurs a charge displacement, which in turn

creates a macroscopic dipole moment (M
!
) and this process is known as polarization

(P
!
) or dipole density (Figure 3). This polarization is related to the <M

!
> (ensemble

average) and volume (V) of the sample by the following equation,

P
! ¼ <M

!
>

V
(7)

If a static electric field of strength, E
!
, is applied to an isotropic and uniform

dielectric material of dielectric susceptibility χ, then the macroscopic polarization
can be expressed as,

P
! ¼ ε0χE

!
(8)

where ε0 is the dielectric permittivity of the vacuum. Applying the macroscopic

Maxwell theory, the electric displacement (electric induction) vector, D
!
can be

written as

D
! ¼ ε0E

! þ P
! ¼ ε0 1þ χð ÞE! (9)

Now, in the linear regime, the relative dielectric permittivity (or dielectric con-
stant) is independent of the field strength, ε ¼ 1þ χ. Therefore,

D
! ¼ ε0εE

!
(10)

There are different types of polarization mechanisms by an applied electric field
in different frequency regions: i) Ionic polarization, ii) Orientation or dipolar rotation
polarization, iii) Deformation (Atomic and Electronic) polarization. The total polari-

zation (P
!
) is the sum of induced polarization (P

!
α) and dipole polarization (P

!
μ).

Therefore,

P
!
α þ P

!
μ ¼ ε0 ε� 1ð ÞE! (11)

Figure 3.
(a) Polarization of dielectric. (b) Polarization vector.
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For polar dielectric, the individual molecule possesses a permanent dipole
moment even in the absence of any external electric field but for the nonpolar one,
there is no dipole moment unless an electric field is applied. Due to the long range of
the dipolar forces, an accurate calculation of the interaction of a particular dipole
with all other dipoles of a specimen would be very complicated. However, a good
approximation can be made by considering that the dipoles beyond a certain dis-
tance can be replaced by a continuous medium having the macroscopic dielectric
properties. Assuming a continuum with dielectric constant ε∞, in which point
dipoles with a moment, μd, are embedded, we can write the induced polarization as
follows,

P
!
α ¼ ε0 ε∞ � 1ð ÞE! (12)

The orientation polarization is given by the dipole density due to the dipoles μ!d.
If we consider a sphere with volume V comprised of dipoles, we can write,

P
!
μ ¼ <M

!
d >

V
¼

P
i μ
!
d

� �
i

V
(13)

Dielectric polarization in time-dependent electric field:When a time- dependent
electric field is applied, the decay function of dielectric polarization is given by,

ϕ tð Þ ¼ P
!

tð Þ
P
!

0ð Þ
(14)

where P
!
(t) is the time-dependent polarization vector. Time-dependent dis-

placement vector D
!
(t) can be written as follows,

D
!

tð Þ ¼ ε0E
!

tð Þ þ P
!

tð Þ (15)

D
!

tð Þ ¼ ε0 ε∞E
!

tð Þ þ
ðt

�∞

Φ t0ð ÞE! t� t0ð Þdt0
2
4

3
5 (16)

where Φ tð Þ is the dielectric response function, Φ tð Þ ¼ εs � ε∞ð Þ= 1� φ tð Þ½ �. εs and
ε∞ are the dielectric permittivity at low and high frequency, respectively. The
frequency dependent complex permittivity ε ∗ ωð Þ is connected to the above relaxa-
tion function through Laplace transformation [82–84],

ε ∗ ωð Þ � ε∞
εs � ε∞

¼ L̂ � d
dt

φ tð Þ
� �

(17)

where L̂ is the operator of the Laplace transformation, which is defined for the
arbitrary time dependent function f(t) as,

L̂ f tð Þ½ � � F ωð Þ ¼
ð∞
0
e�ptf tð Þdt (18)

where p ¼ xþ iω and x ! 0.
Eq. (17) gives equivalent information on dielectric relaxation properties of the

sample both in frequency domain and time domain measurements. Therefore, the
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dielectric response might be measured experimentally as a function of either fre-
quency or time, providing data in the form of a dielectric spectrum ε*(ω) or the
macroscopic relaxation function φ(t). For instance, when a macroscopic relaxation
function obeys the simple exponential law,

φ tð Þ ¼ exp � t
τm

� �
(19)

Where, τm indicates the relaxation time. Eqs. (17) and (19) give rise to the
following relation,

ε ∗ ωð Þ � ε∞
εs � ε∞

¼ 1
1þ iωτm

(20)

i.e,

ε ∗ ωð Þ ¼ ε∞ þ εs � ε∞
1þ iωτm

(21)

This is known as the Debye model for frequency dependent dielectric permit-
tivity. According to the Debye model, the complex frequency dependent dielectric
response [~ε νð Þ ¼ εreal νð Þ � iεimaginary νð Þ] can be described as:

~ε νð Þ ¼ ε∞ þ
Xm
j¼1

ε j � ε jþ1

1þ i2πντ j
þ σ

i2πνε0
(22)

where, ε0 is the permittivity in free space (= 8.854 x 10�12 F/m), ω ¼ 2πν is the
angular frequency, τ j is the relaxation time for the j-th relaxation mode, ε1 is the
static dielectric constant, ε j are the dielectric constants for different relaxation
processes, ε∞ is the extrapolated dielectric constant at a very high frequency and m
describes the number of relaxation modes.

3. Structure and dynamics of hydration layer in interfaces of small
molecules, proteins, peptides, nucleic acids and membranes

The dynamics of water around small as well as complex molecules changes
owing to their specific interaction with the solute surface; the specific nature of the
interaction could mostly be electrostatic or hydrogen bonding. Such interaction
expectedly ruptures/modifies the tetrahedral water network structure as well as its
dynamics, a clear imprint of that gets reflected in the THz frequency window.
Measurement of optical parameters α(ν) and n(ν) enables one to determine the
change in water dynamics at the vicinity of (bio)surface and consequently one can
infer on the changes of the corresponding solute also.

3.1 Ions

Metal ions are perhaps the simplest solutes that can induce perturbation in water
dynamics, the interaction being mostly electrostatic in nature. A systematic inves-
tigation using alkali monovalent cations [85] and alkaline earth bivalent cations [86]
in aqueous solutions have been put forward by the group of Martina Havenith using
far-IR and THz FTIR measurements coupled with classical MD simulation studies.
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Their study concluded that ion rattling motions can account for the observed changes
in the THz absorption. They have shown that the spectrum of the salt solutions can be
approximated by a linear superposition of concentration weighted neat water and ion
contributions. Ab initio MD simulation study by Marx et al. [87] has successfully
reproduced the spectral responses of the solvation shell around the ions in infrared
and THz frequency range. Their study has shown that the solute-solvent dipolar
couplings and the dipole–dipole correlations are the important factors that govern the
absorption features in this frequency regions. The group of Martina Havenith has
subsequently put forward a series of studies on the hydration dynamics of heavy
metal ions, e.g. lithium [88], manganese [89], iron [90] and ytterbium [91]. An
elaborate description of the process involved has recently been put forward by this
group [92]. The overall THz effect of the ions could be apprehended in terms of the
contributions from various modes as depicted in Figure 4.

In a systematic study using THz-TDS in the frequency region (0.3–2.1 THz;
10–70 cm�1), experimental evidences for the ultrafast collective hydrogen bond
dynamics of water in the extended hydration layers of alkali metal chlorides have
been obtained [93]. The real and imaginary part of the permittivity (ε), as obtained
from the THz-TDS measurements was fitted using a triple Debye relaxation model.
The time scales obtained for bulk water are of the order of �8–9 ps (τ1), 200 fs (τ2)
and 80 fs (τ3). The �9 ps and � 200 fs timescales are due to the well-known
cooperative rearrangement of the H-bonded network structure and the small angu-
lar rotational modes of individual polar water molecules, respectively. It has been
reported that (τ1) decreases with increasing salt concentration, which identifies an
acceleration of the cooperative hydrogen bond dynamics affirming a positive sup-
port towards the most debated notion of these ions to act as water structure brea-
kers (see Figure 5(a)). The extent of this effect has been found to be mostly ion
specific, K+ being the most effective ion and a simple consideration of ionic charge
density is insufficient to account for the observed changes. Very recently, Havenith
and Marx [94] have put forward a combined experimental and simulation investi-
gation to provide a detailed mechanistic analyses based on cross-correlation analysis
(CCA) technique to understand the minute details of water-solute interactions.

3.2 Complex ions and small molecules

While the interaction of metal ions with water is more straight-forward, com-
plexity arises when an ion is associated with a hydrophobic moiety. Such molecules

Figure 4.
Schematic representation of ion hydration. (a): Bulk-like water (blue), water around ions (yellow and green),
and hydration water (lighter shades of yellow and green). The total absorption of the solution (αsol) has
contribution from all. (b): Concentration-weighted bulk-water values are subtracted from αsol. (c): This yields
the effective absorption of the solvated ion or ion pair (αeff

ion).
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are often of biological importance and therefore their interaction with water is
essential to establish. There have been several reports on the THz studies of sucrose
and saccharides [95–99]. In a pioneering work Heyden et al. [100] have described
the nature of hydration around small carbohydrate molecules and a detailed simu-
lation study has revealed that the extent of the hydration shell and their absorption
co-efficient change with the solute specificity. One such molecule is urea, which is
well known to be a protein denaturant, however, the exact molecular mechanism of
the processes involved still remains a strongly debatable issue, specially the argu-
ment of whether the interaction is water mediated (the water structure breakers
notion of urea) or a direct interaction of urea with protein surface.

An elaborate attempt has been made to understand the effect of urea (and its
derivatives) on the ultrafast solvation dynamics of water using a Debye type
dielectric relaxation model in the 0.3–2.0 THz frequency region using THz-TDS
technique [101]. The relaxation dynamics shows considerable acceleration beyond a
threshold concentration. Such acceleration is possibly associated with a disruption
of the tetrahedral water network structure. It seems also intriguing that the
observed collapse occurs at a certain urea concentration (see Figure 5(b)), which
strikingly coincides with the denaturation concentration of urea for many proteins.

Figure 5.
(a) Cooperative relaxation dynamics (τ1) and relaxation strength (S1) of aqueous solutions of different
alkaline metal cations. (b) Relaxation dynamics (as defined by the timescales τ1 and τ2 of aqueous urea solution
as a function of urea concentration. A sharp change in the τ1 is observed at �4 M urea. (c) Cooperative
hydrogen bond relaxation time constant (τ2) of aqueous solutions of amino acids as a function of their
concentration. The dotted line is the time constant for the buffer solution. The inset shows the change in τ2
(measured at maximum amino acid concentration) as a function of the SASA of amino acid. (d) Relaxation
time scale τ3 corresponding to the jump orientation of water (obtained by Debye fitting of THz data) of different
amino acids solutions. The dotted line is the time constant for that of the buffer. The inset shows the change in the
timescale (Δτ3 = τsolution-τbuffer) at the maximum concentration of the amino acids.
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Another molecule of such biological interest is guanidinium chloride (GdmCl),
which offers remarkable protein denaturation ability beyond a certain threshold
concentration (�2–3 M) [102, 103]. Like in the case of urea, protein denaturation
mechanism of GdmCl has also been debatable concerning a direct or indirect inter-
action. We have investigated the collective hydrogen bond dynamics around
GdmCl in aqueous solutions as well as in the presence of a model globular protein
human serum albumin (HSA) using the THz-TDS technique. It is found that the
relaxation dynamics gets faster which renders support to the previously speculated
notion that GdmCl acts as a water structure breaker. A similar but more prominent
trend is observed in case of NaCl, which, however, does not interact with proteins.

The change in hydration dynamics in presence of HSA has been found to be in
complete contrast in these two salts unambiguously pointing out towards a possi-
bility of the collective hydration dynamics to share a pivotal contribution in the
protein unfolding phenomenon. These studies seem to conjecture that ions with
complex hydrophobic moiety acts as water structure breaker, and this very nature
of such molecules makes them protein denaturant. To investigate the validity of
such conjecture we investigated the ultrafast (sub-ps to ps) collective hydrogen
bond dynamics of water in the extended hydration layers in a series of
alkylammonium chloride salts using THz -TDS technique [104]. We found these
salts to transform from being a water ‘structure breaker’ to ‘structure maker’ with
increasing carbon content. For example, the THz-TDS measurements reveal that
ammonium chloride (AC) acts as a water network structure breaker while tri-ethyl
ammonium chloride (EAC) and higher carbon containing salts are distinct water
structure makers. The change in protein hydration is also found to trace its second-
ary structure rupture and the exposure of hydrophobic moieties accordingly
changes the protein hydration. Our study strongly concludes that it is the hydro-
phobic effect, at least in the case of this type of salts, that plays the decisive role in
determining their interaction with biomolecules.

3.3 Amino acids

Amino acids, which are the building blocks of proteins, often act as intermedi-
ates in metabolism as well as osmolytes that can stabilize proteins. Depending upon
the ‘side group’, the amino acids are classified as hydrophilic or hydrophobic.
Hydrophobicity of amino acids is believed to be a key parameter that regulates
phenomena like protein folding - unfolding, aggregation, activity, protein-ligand
binding and protein hydration in aqueous environments. While to analyze the
solvation of hydrophobic and hydrophilic parts of a protein separately, one needs to
take into consideration that the environment of amino acid residues is heteroge-
neous in nature as they are often composed of hydrophobic alkyl chains and hydro-
philic groups. It is therefore essential to study the hydration of amino acids of
various side chains in the exposure to solvents. Niehues et al. [105] have studied the
hydration of a series of amino acids in�2.4 THz window and observed that the THz
absorption coefficient, α(νTHz), of hydrated amino acids can be correlated with the
hydrophobicity and the fraction of polar volume of amino acids. They have shown
that glycine has the largest positive THz slope followed by serine, whereas for the
other amino acids, the slope becomes gradually negative with increasing hydropho-
bicity. In another study [106], the same group, by analyzing the corresponding THz
spectrum in terms of the correlated dynamics of solute and solvent molecules,
demonstrates the line shape of the low-frequency vibrational response of glycine in
water. Recently, they [107] have shown that hydrophilic solvation of the zwitter-
ionic groups in valine and glycine leads to similar THz responses, which are fully
decoupled from the side chain. This result concludes that the hydrophilic groups
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and their solvation shells dominate the THz absorption difference, while on the
same intensity scale, the influence of hydrophobic water can be neglected. Shiraga
et al. [108] concludes a correlation between the extent of H-bonding and the
hydrophobicity of the solute. Glycine (Gly) and the L- isomers of five different
amino acids: serine (Ser), aspartic acid (Asp), lysine (Lys), arginine (Arg) and
tryptophan (Trp) of varying hydrophobicity and solvent accessible surface area
(SASA) have been used by Samanta et al. [109] to study the dielectric relaxation up
to their maximum water solubility in the frequency window of GHz-THz at neutral
pH. The various rotational dynamics of the solutes and water are obtained by fitting
the dielectric data in a multiple Debye relaxation model. From GHz study, we
observed that the molecular rotation of amino acids correlates their respective
molecular volume. Also, it was concluded that the amino acids do not usually
aggregate even at high concentrations. From THz study, the authors found that Gly
is a water structure breaker while the other amino acids are structure makers.
Consequently, Gly accelerates cooperative hydration, while the others retard (see
Figure 5(c) and (d)). It has been established that hydration in amino acids depends
both on its hydrophobic as well as its hydrophilic nature of side chains. Born et al.
[110] have studied the hydration dynamics of some small model peptides using THz
spectroscopy. They observed that the cooperative hydration dynamics changes as
the extent of hydration of such molecules change.

3.4 Alcohols and other solvents

Addition of otherwise indifferent organic solvents can influence marked changes
in aqueous environments as well as they can induce misfunction in biologically
important molecules e.g. protein, DNA, etc. Water - dimethyl sulfoxide (DMSO)
binary mixture has been found to be of potential interest as it plays a significant role
in the field of chemistry, physics, biology and pharmacology. Das Mahanta et al.
have investigated the change in the collective hydration dynamics in presence of
DMSO at different concentrations using THz-TDS. We found that α(ν) of the mixed
solvents shows a non-linear change with XDMSO [111]. This change has been corre-
lated with the water-DMSO structural heterogeneity in the mixed solvents. Luong
et al. have also studied the evolution of water hydrogen bonded collective network
dynamics in water �1,4-dioxane (Dx) mixtures as the mole fraction of water (Xw)
increases from 0.005 to 0.54 [112]. The inter- and intra-molecular vibrations of
water be observed using THz-TDS in the frequency range 0.4–1.4 THz (13–
47 cm�1) and Fourier transform infrared (FTIR) spectroscopy in the far-infrared
(30–650 cm�1) regions. From the absorption coefficient measurements, they infer
that the mixtures are not ideal in nature, which suggests a significant change in the
network by the addition of the solute. The authors found an increase in the collec-
tive hydrogen bond network as evidenced from dielectric relaxation studies in
which τ1 has been found to be small at low Xw (where Xw is the mole fraction of
water in the mixture), but at Xw > 0.1, it increases rapidly to reach a value identical
to that in bulk water. It has been concluded that hetero-molecular (water - Dx)
hydrogen bond dominates in the water diluted region in water-Dx mixtures, and
with progressive addition of water, bulk-like intermolecular three-dimensional
hydrogen bonded water network dynamics evolves beyond Xw = 0.1. In a separate
study [113], a combined experimental (mid- and far-infrared FTIR spectroscopy,
THz-TDS (0.3–1.6 THz)) and molecular dynamics (MD) simulation technique has
been carried out to understand the evolution of the structure and dynamics of water
in its binary mixture with 1,2-dimethoxy ethane (DME) over the entire concentra-
tion range. Debye relaxation data reveals a non-monotonous behavior in which the
collective dynamics is much faster in the low Xw region, whereas in the Xw � 0.8
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region, the dynamics gets slower than that of pure water. The concentration
dependence of the reorientation times of water, estimated from the MD simula-
tions, also captures this non-monotonous character. Bohm et al. [114] have demon-
strated that the THz response of alcohols can be decomposed into the spectrum of
bulk water, tetrahedral hydration water, and more disordered (or interstitial)
hydration water. They also concluded that it is not the tetrahedrally ordered com-
ponent, rather it is the interstitial hydration water which is responsible for the
temperature-dependent change in ΔCp and ΔG in such mixtures.

3.5 Proteins

The surface of proteins is extremely heterogeneous owing to the presence of
amino acids of varying types of charges. The pioneering studies by the group of
Havenith et al. have shown that protein molecules are hydrated and the cooperative
dynamics of water changes accordingly. An earlier study using a small protein
ubiquitin [115] shows how the measurement of α(νTHz) reveals a change in the
protein hydration dynamics as the authors termed it as the “THz dance”. In a subse-
quent ever important simulation paper, the same group has established different THz
absorption of the hydrophobic and hydrophilic residues of a protein as they interact
differently with water [116]. In the later years, this group has put forward substantial
contribution on the hydration dynamics of proteins using THz measurements
[117, 118] as well as simulation studies [42, 119]. Their studies have unambiguously
suggested that fast protein motion and solvent dynamics are correlated with enzy-
matic reactions [120]. In a recent study this group has established the pivotal role of
collective motion of water during an electron transfer reaction between flavoenzyme
ferredoxin - NADP+ � reductase and ferredoxin-1 [121]. In a seminal paper, Marklez
et al. [122] have used THz-TDS measurements to show that the protein (hen egg
white lysozyme) dynamical transition (the rapid increase in protein dynamics occur-
ring at�200 K) needs neither tertiary nor secondary structure. Their results revealed
that the temperature dependency essentially arises from the protein side-chain inter-
action with the solvent. He et al. [123] have investigated the presence of structural
collective motions on a picosecond timescale for the heme protein, cytochrome C, as
a function of oxidation and hydration, using THz-TDS and molecular dynamics
simulations. Marklez group has developed a novel measurement technique (anisot-
ropy THz microscopy) [124] wherein they were able to detect the long range protein
vibration modes in chicken egg white lysozyme single crystals. They found the
underdamped modes to exist for frequencies >10cm�1. Such underdamped vibra-
tional modes have also been identified using optical Kerr effect measurements in the
THz frequency window [125]. In a recent study, Niessen et al. [126] have used
anisotropy THz microscopy, which is found to be sensitive to inhibitor binding and
unique vibrational spectra for several proteins and an RNAG-quadruplex. There have
been other reports from several experimental groups: Sun et al. [127] have reported
the application of a new machine learning methods for quantitative characterization
of bovine serum albumin (BSA) deposited thin-films detected by THz-TDS. The
group of Emma Pickwell-MacPherson [128] have used THz spectroscopy to study the
hydration shell formation around H9 subtype influenza A virus’s HA protein (H9
HA). They have also detected antigen binding of H9 HAwith the broadly neutralizing
monoclonal antibody. They observed a remarkable concentration dependent
nonlinear response of the H9 HA, which reveals the formation process of the hydra-
tion shell around H9 HA molecules. The same group has also reported the dielectric
properties of two different antibodies in water-glycerol mixtures using THz-TDS
measurements [129]. Sun et al. [130] used THZ-TDS to investigate the molecular
processes involved above and below the transition temperature (TD) for GP2 peptide.
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3.6 DNA

While much research has been focused on proteins, relatively less attention has
been paid on the other biologically important molecule, DNA. There had been a few
preliminary studies to understand the vibronic bands in the THz frequency region
using single and double stranded DNAs and RNAs [131–133]. Arora et al. [134] have
presented a label free quantitative detection method for DNA samples amplified by
polymerase chain reaction (PCR) in aqueous medium using THz-TDS in the fre-
quency range from 0.3 to 1.2 THz. Tang et al. [135] have recently investigated the
feasibility of THz spectroscopy combined with microstructures for marker-free
detection of DNA and oligonucleotides. Polley et al. have investigated the collective
dynamics of two DNA molecules extracted from salmon sperm and calf thymus and
observed that the dynamics did not differ much at the concentration range of the
experiments [136].

3.7 Lipid membrane

There have been only limited studies on the THz studies on lipid membranes and/
or vesicles. One of the preliminary results was due to Tielrooij et al. [137] who had
studied the dielectric relaxation in mixed system of hydrated DOPC lipid bilayers in
the THz frequency domain. They could identify three distinct water types: fast, bulk
and irrotational. The relative content of those change with the extent of hydration.
Later, Yamamoto et al. [138] have studied the temperature and hydration dependent
low frequency spectra of lipid bilayers of 1,2-dimyristoyl-sn-glycero-3-phosphoryl-30-
rac-glycerol (DMPG) and 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)
using THz-TDS. They found that the THz absorption patterns reflect the lipid pack-
ing pattern in the bilayers. They subsequently extended their investigations towards
purple membrane (PM, a complex of lipids and a membrane protein, bacteriorho-
dopsin) [139] and lipid bilayer of DMPC [140]. Pal et al. have recently studied the
microstructure and collective dynamics of the membrane interfacial hydration shell
in zwitterionic and negatively charged phospholipid membrane bilayers using THz-
TDS [141]. They observed a dependence of the critical lipid concentration
corresponding to the inflection point on the charge of the lipid head-group, thereby
implicating membrane electrostatics as a major factor in the microstructure and
dynamics of water at the membrane interface.

4. Influence of temperature, pH, ionic strength and additives on
hydration layer dynamics

Hydration dynamics of biomolecules is significantly influenced upon changing
its physical conditions as well as in the presence of additional chemical agents, like
alcohols, glycols, etc. Protein molecules undergo various physical and chemical
changes, which could induce conformational modifications in their secondary as
well as tertiary structures. It can be noted here that as protein structures get
disrupted (during unfolding or denaturation) the hydrophobic moieties (amino
acid residues), which are otherwise buried inside in the native structure, get
exposed, and this produces a definite alteration in THz absorption coefficient,
α(νTHz). It therefore suggests that estimation of α(νTHz) provides a direct evidence
of the structural perturbation in proteins.

Several experimental techniques are available to determine the structural evolu-
tion of proteins during unfolding, while THz provides with the estimation of the
associated hydration changes. In a pioneering experimental work, in which a
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stopped-flow techniques was synchronized with THz-TDS, which the authors
termed as Kinetic terahertz absorption (KITA) spectroscopy, Kim et al. [142] have
shown that the pH induced unfolding-refolding kinetics (in real time) of Ub* could
easily be traced by the associated α(νTHz) measurements. The THz results very well
reconcile with the results obtained from circular dichroism (CD) and fluorescence
measurements.

Another important physical environment that induces protein unfolding is tem-
perature. In a study using HSA as a model protein, Mitra and Havenith [143] have
shown that water dynamics associated with the protein during its reversible
unfolding pathway up to 55°C as well as its irreversible denaturation pathway up to
70°C traces the protein’s structural rupture pathway. The THz measurements do
support the conventional CD and fluorescence measurements. Sudden increase in
the environment (like temperature or pressure) for a very short period of time
(often termed as T-jump experiments) leads protein molecules to be structurally
ruptured but upon removal of the intense pulse, the protein refolds. T-jump exper-
iments have previously been characterized using conventional CD and fluorescence
measurements. However, THz measurements was demanded to obtain explicit
information of water dynamics. The first report of such experiment was from the
group of Havenith [144], wherein the authors put forward a coupled KITA setup
with a T-jump attachment. The authors monitored changes in the THz absorption
λ∗6 � 85protein with a time resolution of >50 μs. They reported that the spectral
changes are correlated with the hydrophobic collapse of the protein. In a subsequent
study from the same group, Wirtz et al. [145] used an even better time resolution of
about 500 ns to reveal the coupled ubiquitin�solvent dynamics in the initial phase
of hydrophobic collapse (temperature induced unfolding). They propose that, in
the case of ubiquitin, a rapid (�500 ns) initial phase of the hydrophobic collapse
from the elongated protein to a molten globule structure precedes secondary struc-
ture formation. Recently there have been a few reports of using THz spectroscopy
technique to underline thermal denaturation of BSA [146], temperature- and pH-
dependent protein conformational changes in pepsin A [147]. In a very recent study
Cao et al. [148] have successfully employed THz-TDS to track the hydrolysis of BSA
protein by pepsin. The results indicate that protein hydrolysis can be easily moni-
tored over time by focusing on the variation of the absorption coefficient from a
macroscopic perspective. The authors explored the use of the Debye model to
analyze the dielectric properties of the solution during protein hydrolysis. The
results of the Debye analysis prove that it is possible to investigate in detail the
microscopic dynamics of bio-macromolecule solutions at the molecular level by
THz-TDS.

Samanta et al. have been involved in determining the changes in protein hydra-
tion in various distressed environments using the THz-TDS measurements. They
have investigated the hydration dynamics around HSA in presence of short chain
polyethylene glycols of different chain lengths (PEG 200, PEG 400, and PEG
10000) at different concentrations [149]. FIR-FTIR studies conclude that the pro-
tein hydration is affected in a distinct way below and above the critical PEG
concentration of 30% (v/v). THz-TDS study unambiguously confirmed a retarda-
tion of the solvation dynamics by PEGs. This study clearly shows an independent
behavior of protein hydration at low PEG concentrations and a noticeable interac-
tion between protein and PEG hydration beyond a critical PEG concentration. In
another study, Das et al. have made an attempt to understand whether the DMSO
induced conformation changes in lysozyme conformation perturbs its hydration
dynamics [150]. CD study establishes a marked change in the protein tertiary
structure in presence of DMSO. The relative change in the THz absorption coeffi-
cient (Δα/α0) shows a negative minimum at XDMSO = 0.05 and a positive value at
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XDMSO = 0.15. The observed minimum is found to be due to the increased size of the
protein while the positive value is attributed to the increased SASA and consequent
increased hydration of the protein surface. In a recent report, Das et al. put forward
an experimental observation of nonmonotonic changes in the collective hydration
of BSA in the presence of alcohols of varying carbon-chain lengths, that is, ethanol,
2-propanol, and tert-butyl alcohol (TBA), by using THz – TDS [151]. They observe
an anomalous hydration behavior of the protein hydration with the alcohol concen-
tration, which correlates the alcohol-induced α-helix to random coil transition of
the protein secondary structure, as revealed by CD spectroscopy measurements.
Recently, Das Mahanta have investigated the effect of alkyl-ammonium chloride
salts on BSA and found a systematic trend towards disrupting the protein secondary
structure [104]. The associated changes in the protein hydration in the presence of
these salts have also been investigated using THz-TDS. The change in protein
hydration is also found to trace its secondary structure rupture, and the exposure of
hydrophobic moieties accordingly change the protein hydration. The THz-TDS
measurements strongly conclude that it is the hydrophobic effect, at least in the case
of this type of salts, that plays the decisive role in determining their interaction with
biomolecules.

5. Role of hydration water in protein aggregation and fibrillation

Aggregated protein is toxic to functioning of living systems and many of human
diseases are associated with misfolded protein disorders [152–156]. This is why
understanding of mechanisms of interactions between protein molecules in solu-
tions have been the subject of extensive investigations during the last two decades
[157–161]. Additionally, understanding the protein aggregation propensity may
offer novel design principles for producing aggregation-resistant proteins for
biotherapeutics.

Globular proteins, e.g. HSA and BSA, in their native states are present in living
cells at concentrations as high as about 200 mg mL�1 and bimolecular interactions
are significant. We explained earlier that stability of the three - dimensional struc-
ture of a monomeric protein molecule in physiological environments is the result of
an intricate interplay between electrostatic, hydrophobic, hydrogen bonding and
other interactions and any variation of temperature, pH of the medium or any other
physiochemical conditions including concentration of protein in the cell may result
in imbalance of the stabilization forces leading to misfolding [162, 163], thus trig-
gering aggregation [164–168].

A native and structurally stable protein molecule is strongly hydrated with a
well-defined hydration layer of thickness of about a few tens of Å (20–40 Å) around
it [50, 59, 169]. The role of water molecules in the hydration shell could be crucial
for the intermolecular interactions and the overall protein hydrophobicity, which
may be defined by its hydration free energy, which may play an important role in
protein aggregation in aqueous solution [162, 163, 166]. However, the role of
hydration water in protein aggregation has largely been unexplored owing to the
perception that protein – protein interaction is the major factor and the surrounding
water is just a spectator playing no role in aggregation of protein, ignoring water as
an active constituent of biological systems. In fact, whether a protein remains
soluble or forms aggregation should intrinsically rely on its state of hydration in the
monomeric state.

We have described in the earlier sections of this article that how the properties
of water molecules in the hydration layer on an average are different from those in
the bulk, which determines the stability of a monomer protein in aqueous
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environment. Protein aggregation proceeds through a multistep process initiated by
conformational transitions, called protein misfolding, of monomer species towards
aggregation-prone structures. Chong and Ham applied the fluctuating thermody-
namic analysis method to understand the variations of the thermodynamic func-
tions, which occur during the course of misfolding and dimerization of the Amylase-β
protein. They suggest that the time variation of the solvent-averaged effective
energy, F = Eu + Gsolv, describes the protein dynamics on the free energy landscape
[170]. Here, the protein potential energy (Eu), comprises both intra and
intermonomer contributions and the solvation free energy (Gsolv), represents the
interaction of the protein with surrounding water, which plays a critical role in
protein aggregation. The free energy, F, decreases as the dimerization proceeds, but
the decrease in F has different origins in the approach and structural adjustment
regimes. The thermodynamic force driving the approach of two monomers is the
decrease in Gsolv and hence, the misfolded monomers acquire a large hydrophobicity,
which leads to conformational changes in monomers. This drives two monomers to
approach each other to a contact distance. In absence of this thermodynamic driving
forces, two negatively charged protein monomers (the total charge of Amylase-β and
BSA monomer proteins at neutral pH are �3, and � 16, respectively [170, 171])
would never approach each other by overcoming the electrostatic repulsion. On the
other hand, decrease of the protein potential energy Eu, due to direct protein–protein
interactions, such as intermonomer van der Waals contacts and hydrogen bonds,
drives the structural rearrangement required for formation of compact dimer struc-
ture leading to energetic stabilization. Interestingly, structural rearrangements are
also associated with an increase in the solvation free energy, which originates from
the dehydration of the protein surface and of the interfacial region. On contrast to
other spectroscopic techniques, THz spectroscopy probes directly the collective
intermolecular vibrations of the hydrogen bond network, and is thus able to detect
sensitively solute induced changes in the solvation dynamics. Extensive works on
THz absorption of protein solutions have demonstrated that the absorption coeffi-
cient of the protein solutions (αsol) are dependent on the concentration of protein
[50, 59, 169–171]. For example, at the low concentration regime (e.g. in the case of
HSA, <0.5 x 10�3 mol dm�3) αsol value increases linearly and this has been explained
by increasing concentration of hydrated monomer protein molecules since water in
the hydration shell has larger αsol value as compared to that of bulk water. However,
on further increase of the protein concentration, αsol value starts decreasing.

To delineate this issue in more detail, Manna et al. made a detailed investigation
on the concentration dependence of THz absorption of the aqueous buffered solu-
tions of HSA protein (up to 2.6 mM of protein concentration) at three THz fre-
quencies, namely, 0.1, 1.5 and 2 THz [59]. Similar results were obtained from these
three measurements. αsol value was expected to change linearly to follow Eqs. (23)
and (24), which could be derived assuming that the protein solution is a two-
component system.

αsol ¼ αprVpr þ αbwVbw (23)

αsol
αbw

� �
¼ αpr

αbw

� �
Vpr þ Vbw ¼ 1� 0:08 HSA½ �ð Þ (24)

Here, αpr is the absorption coefficient of the protein, αbw is the absorption
coefficient of bulk water, Vpr is the volume fraction occupied by protein molecules
and Vbw is the volume fraction occupied by bulk water. Eq. (24) was derived using
several considerations, such as the value of the radius of gyration of HSA is about
3.3 nm [172], the structure of the monomer HSA protein molecule consists of
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hydrophobic and hydrophilic pores (2: 1 (v/v) ratio) with porosity factor of about
33% of the volume of the protein molecule [173].

Therefore, the plots of αsol
αbw

� �
against HSA concentration, [HSA], as shown in

Figure 6 (red lines), represent the two-component system. However, a large devi-
ation of the experimental data points from the line representing two component
system suggests inadequacy of the two-component model. This deviation could be
explained by considering that the THz absorption coefficients of the water mole-
cules in the hydration layer, (αhl), were different from that of bulk water (αbw) and
hence constitute the third component in the aqueous solution of the protein. Hence,
Eq. (25), in which Vhl was the total volume fraction of water associated with the
protein molecules in a solution with protein concentration of 1 � 10�3 mol dm�3,
was derived [59].

αsol
αbw

� �
¼ αhlVhl

αbw

� �
Cpr þ 1� 0:08 Cpr � VhlCpr

� �
(25)

To understand the reasons for significant decrease of THz absorption coefficient
of the protein solutions with increasing concentration beyond 6 x 10�4 mol dm�3,
the possibility of aggregation of proteins at higher concentration regime was
explored. To delineate this aspect, dynamic light scattering (DLS) measurements
(Figure 6) were carried out using concentrations of proteins covering the entire
range of THz absorption measurements. The DLS data recorded for the solution
containing protein concentration of 0.4 x 10�3 mol dm�3 revealed the existence of
only monomeric protein molecules with the most probable diameter of about 6–
8 nm in the solution. This is quite in good agreement with the diameter of the

Figure 6.
(a): Plots of αsol

αbw

� �
vs. [HSA] recorded at three THz frequencies. Black squares with error bars are the

experimental points. Red line represents two component system as per Eq. (24). Best nonlinear fit to the
experimental points in the low concentration regime (up to 6 x 10�4 Mol dm�3) using Eq. (25). Violet line is
the linear fit to the experimental points at protein concentrations larger than 8 x 10�4 Mol dm�3 using
Eq. (26). (b): Size distribution of particles in solutions of two different CONCENTRATIONS of HSA as
obtained from DLS analysis.
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hydrated monomer protein molecules. However, at higher concentrations (say, >1
x 10�3 mol dm�3 of protein), the DLS data revealed two important features. Firstly,
the size distribution of the monomer band became wider indicating the presence of
particles of diameter in the range 12–15 nm, possibly suggesting formation of
dimers or trimers of HSA, in addition to the monomeric species. Secondly, at higher
concentrations of the protein, DLS data also revealed the presence of large size
aggregates of the most probable diameter of about 700 nm. However, a quantitative
estimation of the relative percentages of monomer, dimer and aggregates was not
possible from the DLS data because the intensity distribution of the scattered
radiation was not directly proportional to the number of the particles. However, this
experiment confirmed the presence of protein aggregates in solutions with higher
concentrations of protein and the formation of aggregates may possibly be held
responsible for nonlinear dependence of THz.

On the other hand, CD measurements confirmed that the tertiary structure of
HSA remained unchanged through the entire range of HSA concentrations used for
THz measurements. This suggested that the native structure of HSA molecules
remained unaltered through the entire range of concentrations of HSA. Therefore,
hydration states of proteins, even in the aggregated state, remain unchanged and
hence possibly justifies the assumption made in the earlier works regarding
overlapping of hydration shells at higher concentrations of proteins.

Patro and Przybycien have simulated the structures of reversible protein aggre-
gates as a function of protein surface characteristics, protein–protein interaction
energies and assessed the aggregate properties [174]. Results of their simulation
reveals that aggregate particles have the kind of organization of the hydrophobic
and hydrophilic domains as they are present in HSA protein monomer molecules
and aggregation of protein molecules causes the loss in the total solvent accessible
surface area (SAS) is about 67% and the mean solvent content for these aggregates
vary in the range of 0.37–0.55 volume fraction depending on the conformation of
the monomer protein [175]. Therefore, at higher concentrations of protein, volume
fraction of hydration water decreases due to formation of aggregates. In addition,
proteins are THz transparent and as we increase the protein concentration, protein
aggregates replace the water molecules and leads to lowering of total THz absor-
bance of the solution.

A method of analysis was adopted to analytically fit the data in the regime of
higher concentrations of the protein to predict the relative concentrations of the
monomer and aggregated particles. In this analysis, the value of αhl, which was

estimated from the linear regime of the plot of αsol
αbw

� �
vs. [HSA] was used. Assuming

that the THz absorption coefficient of the water molecules residing inside the
aggregate as well as that constituting the hydration layer around the surface of the
aggregate are similar to that constituting the hydration layer around the monomer
protein molecule, Eq. (9) was revised to write Eq. (11), which provided a quantita-
tive estimate of the relative numbers of the HSA molecules in the monomeric and
aggregated forms in solution.

αsol
αbw

� �
¼ αhl

αbw

� �
Vag

hl þ vhlxþ 1� 0:08 Vag
hl � Vvhlx

� ��
(26)

Here, x is the concentration of monomer in the unit of 1 � 10�3 mol dm�3 and
Vag

hl is the volume fraction of hydration water associated with the aggregates, both in
the interstitial places as well as outside the aggregate constituting the hydration
layer, vhl, is the volume of hydration layer associated with one protein molecule.
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Manna et al. estimated the percentage of the number of HSA molecules, which
exist as monomer (or dimer or trimer) in solution without being associated with
aggregate formation, for each of the HSA concentrations used for THz absorption
measurements [59]. We find that for the protein solution with its concentration of 8
x 10�4 mol dm�3, about 40% of the protein molecules exists as monomer (or dimer
or trimer) in solution and 60% protein molecules are part of aggregates. The
monomer (or dimer or trimer) concentration becomes <1% at the protein concen-
tration of 2.6 x 10�3 mol dm�3, i.e. nearly all the protein molecules are associated
with aggregate formation. These calculations suggest that formation of aggregates at
higher concentrations of protein may be the responsible factor for the turnover of
the THZ absorbance of the protein solution at �6 x 10�4 mol dm�3 concentration.

The absorption coefficient of a complex system is the weighted sum of the
absorption of its components. However, determination of the complex dielectric
function of proteins in solution using THZ-TDS spectroscopy allowed detailed
analysis beyond what was possible from simple absorption measurements. Follow-
ing this approach, Novelli et al. determined both the phase and amplitude of the
induced dipole in the volume containing the protein and hydration water [170].
This result revealed that not only the amplitude of the induced dipole varied with
the concentration of protein, but also its phase changed above a concentration
threshold (Figure 7). They proposed a phenomenological model, which explained
that the phase of the induced dipole in the protein-solvent interaction region began
to vary when there was significant overlap between hydration layers of the neigh-
boring protein. This result suggested that indirect electromagnetic protein–protein
interactions could take place if mediated by the extended hydration layers
surrounding each protein.

6. Conclusions and challenges ahead

THz spectroscopy, from its very inception, has mostly been used by scientists
studying cosmology, condensed matter physics and materials. The huge absorption
of water in this frequency range used to be treated as a drawback of this technique;
however, for chemists and biologists this point serves as an advantage since all the
biological function is somehow or other related to water dynamics. Due to its

Figure 7.
(a) Cartoon of a human lysozyme protein (red sphere) in water. Water molecules tightly-bound to the protein
surface (white), extended hydration layers (blue) and unperturbed bulk water (light blue). (b) Sketch of the
evolution of the modulus and the phase of the induced dipole in a unit volume of solution versus protein
concentration. The effect of phase gain at larger concentrations is represented by darker colors on the bottom
right panel (adopted with permission from Ref. [170], Copyright (2017) American Chemical Society).
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inherent sensitivity to water hydrogen bonding dynamics, THz spectroscopy has
become an indispensable tool for direct observation of fast and coupled
biomolecule-water network. The initial studies by the groups of E. W. Heilweil, P.U.
Jepsen, A. Marklez, C. Schmuttenmaer and M. Havenith in the late 1990s and early
2000s have established THz spectroscopy at a concrete platform to be recognized as
a potential tool to label free detection of water dynamics in the vicinity of bio-
molecules, the effect being extended to several layers and remains practically
undetected using conventional spectroscopic methods. The last decade has
witnessed a huge leap towards exploiting this frequency window in biophysical
studies, a few of such results have been depicted in this article. Now that the
phenomenon has been established beyond any doubt, new sort of experimental
studies, where the role of hydration in ultrafast processes (like electron transfer or
proton transfer) could explicitly be determined, is the new challenge to the
researchers.
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Chapter 5

THz Imaging for Food Inspections:
A Technology Review and Future
Trends
Sonia Zappia, Lorenzo Crocco and Ilaria Catapano

Abstract

Terahertz imaging is the newest among non-invasive sensing technologies and
currently huge attention is pointed towards its use in several applications. Among
possible applications, food inspection represents one of the most prominent cases,
due to the possible dangerous impact on human safety. Hence, significant efforts
are currently addressed towards the exploitation of THz imaging as a tool to
improve the effectiveness of food quality surveys. This chapter deals with the
exploitation of THz imaging technology for food quality control and assessment. In
particular, the chapter aims at reviewing the latest developments regarding THz
imaging, both in terms of measurement systems and data processing methodolo-
gies. Moreover, the chapter summarizes experiments available in literature and
presents some purposely designed experiments to address the discussion on cur-
rently open issues.

Keywords: Terahertz waves, Teraherz imaging, Food quality, Foreign substance,
Non Destructive evaluation

1. Introduction

The agricultural and food (agri-food) industry has always attracted significant
attention worldwide. In particular, the importance of reliable diagnostic inspection
technologies has been growing due to an increasing demand for improving the
quality of life. Contamination by foreign bodies, packaging failures and the pro-
duction of articles with poor characteristics (consistency, appearance) are among
the main sources of customer complaints against manufacturing companies, with
consequent loss of brand credibility. The food industry is particularly exposed to
this problem, especially nowadays that consumers are more aware and pay much
more attention to the quality and integrity of the food purchased. Accordingly, huge
interest is towards the use of sensing technologies capable of detecting foreign body
contamination and packaging failures. Available sensing techniques for food
inspection include X-ray imaging [1–3], thermal imaging [4, 5], ultrasonic imaging
[6, 7], fluorescence imaging [8] and electromagnetic (EM) systems working at
microwave frequencies [9–12]. However, each one of these techniques has advan-
tages and limitations. For example, X-rays systems, which are increasingly used in
the food production industry for quality control inspection, provide high resolution
images but have difficulties in detecting low density objects such as plastic, glass,
wood or insects. Furthermore, the use of ionizing radiation is always related to risks
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involving both operators and the food itself that could be altered. On the other
hand, infrared (IR) technologies have the advantage of being fast and safe but they
are limited by a poor penetration capability and strong absorption in water. Instead,
fluorescence imaging is effective only when objects with fluorescent compounds are
investigated. In this framework, terahertz (THz) imaging appears as an emerging
technology, which offers several advantages. THz are electromagnetic waves rang-
ing from 0.1 to 30 THz (wavelength from 3 mm to 10 μm), which are currently
exploited in various applications, including medical diagnosis [13], pharmaceutical
analysis [14], security enhancement [15] and artwork [16]. As microwaves and
infrared signals, THz waves are non ionizing radiations thus they allow a safe
survey without requiring specific security protocols. Moreover, similar to micro-
wave imaging and differently from X-ray technology, THz systems allow the
detection and localization of changes in terms of electromagnetic properties with a
high resolution (generally speacking, THz spatial resolution is in the order of some
hundred microns while the microwave spatial resolution is typically about
centimiters). On the other hand, THz capability of penetrating inside a material is
limited to a few millimiters. In addition, THz waves are strongly attenuated by
water and suffer the environment humidity conditions. Currently, several studies
regarding the detection of both food contaminants [17, 18] and defects in plastic
packages [19] have shown the effectiveness of THz imaging technology in the field
of food industry. However, the study of THz potential in food inspection is still at
an early stage and far to be completely assessed.

This chapter provides an overview of THz imaging for food inspection by sum-
marizing the current state of the technological development and recalling valuable
case studies presented in literature. For sake of completeness, the chapter starts
with a brief description of the main THz technologies, i.e. THz pulsed and time
domain systems as well as continuous wave ones. Then, THz imaging in transmis-
sion mode, THz Time of Flight imaging and THz Camera imaging are reviewed
and their advantages and drawbacks are discussed. Thereafter, the attention is
focused on the employment of THz imaging for food quality control and its
potentialities in detecting contaminants and packaging failures. Relevant examples
available in literature are described together with some experiments carried out by
the authors themselves. Finally, the main open challenges and future perspectives
are discussed.

2. THz imaging systems

Systems for THz imaging can be divided into two main categories based on their
operative principle: pulsed and continuous wave systems.

Pulsed or time domain (TD) systems are composed of four principal compo-
nents: primary source, which is an ultrafast pulsed laser emitting sub 100 fs pulses,
THz emitter, THz detector and a time delay stage.

There are two major technologies to generate and detect THz pulses: photocon-
ductive antennas (PCAs) and electro-optic crystal (EOC); usually one emitter and
one detector are used, even if technologies based on the use of detectors arrays are
available [20]. The ultrafast laser beam is divided into pump and probe beams
(Figure 1). THz pulse is generated by the pump beam that affects the emitter, while
the probe beam is used to gate the detector. The probing THz wave is focused onto
the sample using polymeric lenses or mirrors. After the interaction with the sample,
the THz wave is collimated and refocused on the terahertz detector. The delay stage
is used to offset the pump and probe beams and allows the temporal sampling of the
THz signal.
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CW or frequency domain systems are based on the beating of two laser wave-
lengths, whose difference is in the THz region, in a biased semiconductor
photomixer [21]. If the photomixer is connected to a properly designed antenna,
THz radiation is emitted into the free space. The CW THz radiation is then colli-
mated and guided in the same manner as for pulsed systems [21]. TD and CW THz
systems have many differences. TD systems are more complex, expensive and
heavy than CW ones but they work in a wide band, usually from 0.1 up to 6 THz for
the new generation systems [22]. Moreover, they gather the signal as a function of
the time and, thus, allow to reconstruct more information about the investigated
samples, provided sophisticated data processing procedures are adopted. Con-
versely, CW systems are narrow-band and often gather only the intensity of the
detected signals, which is stored in a matrix and directly converted to a raster
image. Therefore, they are effective in generating THz images almost in real-time
but also make inaccessible some information and thus are less flexible. It is worth
remarking that TD systems encode depth information as changes in pulse timing,
i.e. a variation of the temporal location of the measured peak that indicates a change
in the optical path length from the emitter to the sample and from this latter to the
detector. CW systems also make possible to obtain this information through the use
of additional detectors or by performing additional scans. For instance, by changing
the angle between emitter and detector, it is possible to measure the scattered wave
instead of the specular reflection. Hence, by performing measurements at different
angles it is possible to record intensity data accounting for scattering and reflection

Figure 1.
Typical transmission THz imaging system.

Figure 2.
THz setup. (a) Reflection mode. (b) Transmission mode.
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phenomenon occurring at different depths and, thus, to image features of each layer
of the measured sample [23].

The choice between TD or CW systems depends on the application of interest.
Focusing on food inspections, a preferable choice is a TD system, when the goal is
the non-destructive inspection devoted to detect defects or foreign bodies, because
it provides more complete information and make possible a 3D visualization of the
investigated sample. However, a CW system is sufficient when a 2D image is
enough to satisfy the survey finality, as it happens, e.g., when the control of
packaging is considered.

Finally, it is worth recalling that both TD and CW systems can be used in
reflection or transmission mode as sketched in Figure 2a and b, respectively.

3. THz imaging modalities

3.1 THz imaging in transmission mode

When working in transmission mode, the THz radiation propagates through the
material to be inspected from the emitter to the detector. Hence, in this type of setup
one places an object at the focus of the THz beam on an x-y moving stage, and
measures the waveform passing through the material [24]. By translating the object
and measuring the transmitted THz waveform at each position of the object, a pixel
by pixel image is built. The transmitted signal is collected as a time-dependent
function that contains information regarding the phase and amplitude of the THz
field. The recorded signal is digitized and processed by the digital signal processor
(DSP) at each pixel to obtain the transmission THz image of a sample [25]. Specifi-
cally, several 2D THz images are obtained by plotting, point by point, different
features of the measured wave-forms, i.e. their amplitude, phase, maximum or min-
imum values and so on [26]. Moreover, by means of the Fast Fourier Transform
(FFT), frequency-domain information on the samples are also obtained [27]. The
transmission mode is effective because many materials strongly absorb THz radia-
tion, while others are transparent. Hence, it is possible to obtain information on the
sample by plotting the amplitude of the measured wave-forms and observing its
spatial distribution, while taking into account that higher amplitude values corre-
spond to THz transparent materials. However, if the sample is too thick no useful
image can be obtained. Further information is obtained by computing the absorption
coefficient and refractive index by using the sample Es νð Þ and the reference Er νð Þ
spectra. In transmission mode, Er νð Þ is calculated by taking measurements without
the sample. Specifically, the transmission function is defined as follows [28, 29]:

T νð Þ ¼ Es νð Þ
Er νð Þ ¼

4n

nþ 1ð Þ2 exp �α
d
2
þ j2πν n� 1ð Þ d

c

� �
¼ Aexp jϕ νð Þ½ � (1)

where d is the sample thickness, ν is the radiation frequency, c is the speed of
light in vacuum, n is the refractive index, α is the absorption coefficient, A is the
amplitude ratio between the sample and reference spectra and ϕ is the relative
phase difference. Hence, it is possible to calculate n and α for each frequency as:

n ¼ 1þ cϕ
2πνd

(2)

α ¼ 2
d
ln

4nA

nþ 1ð Þ2
" #

(3)
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By taking into account that some materials exhibit strong absorption peaks at
specific THz frequencies, once the absorption coefficient and the refractive index
have been computed, it is possible to collect information on the structure of the
sample and on its materials. THz transmission imaging provides a wealth of infor-
mation by analyzing the 2D images of these indices at different frequencies, but the
pixel by pixel scanning procedure is time consuming and often suffers from poor
spatial resolution because the spatial offset used to move mechanically the sample is
often comparable or larger than the wavelength of the THz radiation [30].

3.2 THz time of flight imaging (TOF)

THz time-of-flight imaging (TOF) also known as THz pulsed imaging (TPI) has
the unique property of providing a 3D “map” of the object by exploiting data
collected in reflection mode [31]. This technique was used for the first time by
Mittleman and coworkers to produce the internal structure of a 3.5 inch floppy disk
[24]. The apparatus used for reflection imaging is quite similar to the transmission
one, except for the change regarding the THz beam path (see Figure 2) [32]. In
brief, the object is probed by a pulse signal and the reflected waveform is collected
as a time-dependent function in a certain observation time window using a THz-
TDS configuration. The temporal delay of the reflected pulses reveals the internal
structure of the sample (if the object is nonmetallic). By collecting data along a line,
moving emitter and receiver along a straight trajectory and plotting the gathered
wave-forms, a space–time image is obtained. In particular, the data can be
represented in the form of a THz radargram (see Figures 7 and 8 in Section 4.1),
that is a two-dimensional image, wherein the horizontal axis is the spatial coordi-
nate and represents the measurement line, while the vertical axis is the temporal
coordinate and represents the time of flight, that is, the time T that the waveform
employs to propagate from the emitter to an electromagnetic discontinuity and to
go back to the receiver (see Figure 3). The time of flight T is related to the distance
d between THz probes and the detected discontinuities as:

T ¼ 2d
v

(4)

v being the electromagnetic wave propagation velocity into the object.
Therefore, a THz radargram provides a cross-sectional representation of the

Figure 3.
Time of flight sensing principle.
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inner features of the object, which gives information about position and
thickness of possible inner discontinuities. A 3D characterization is obtained by
collecting radargrams along parallel profiles and visualizing the stored data all
together.

Reflection mode is effective because different materials exhibit different behav-
ior when illuminated by THz radiation. In principle, as in transmission mode, the
spatial distribution of the refractive index can be retrieved, since amplitude and
phase of the reflected signals are available by means of the Fourier transform, even
if it is quite complex to define the reference signal and this makes the calculation of
the reflectivity more complex. On the other hand, it is important to take into
account that the reflectivity of an object depends not only on its refractive index,
but also on the surface roughness, polarization of incident THz radiation and other
geometric factors [15]. In addition, noise is a crucial problem in this case and
advanced filtering and signal processing approaches are required. In fact, the inten-
sity of the signal measured in reflection mode is generally lower than in transmis-
sion mode. In this respect, noise filtering and deconvolution procedures are
commonly applied to improve the final image quality [33].

3.3 THz camera imaging system

An important research topic regards the development of THz cameras similar
to the optical ones. Although active and passive THz cameras have been proposed,
THz cameras are mainly designed as an active sensor, being the natural emission
of THz wavelength extremely weak. Therefore, an appropriate source has to be
used to illuminate the scene. Two main types of THz cameras are available in
literature: thermal cameras and FET cameras [34]; they are briefly described in
the following.

Thermal cameras record an image based on the heat generated by the THz
radiation and exploit three types of thermal detectors: Golay cell, Pyroelectric
sensors and bolometers. Golay cells transfer the generated heat to an expanding gas
cell and measure the increased pressure optically by means of moving mirrors [35].
Being based on the mechanical movement of a membrane, Golay cells are slow
detectors and are difficult to be integrated into dense arrays of detectors. Conse-
quently, THz imaging with Golay cells is often done in a single-pixel detection
scheme. Pyroelectric sensors detect changes in terms of the electrical polarizability
of certain crystals, which is generated by a temperature growth [36]. Unlike Golay
cells, pyroelectric cameras based on an array of detectors are commercially available
but are characterized by a low sensitivity and this issue makes them less effective
for THz imaging. Bolometers detect the change in a temperature-dependent resis-
tance and are often based on the well-known infrared imaging technology adapted
to THz frequencies [37]. Currently, microbolometers (i.e arrays of bolometers
mounted onto read-out integrated circuits fabricated with CMOS process technol-
ogy) are specifically designed to operate at THz frequencies and make possible to
reach a sensitivity level suitable for industrial imaging applications, thanks to the
inclusion of a Fabry–Perot cavity, antennas, and metamaterials to increase the
absorbed THz radiation [38].

THz FET-based cameras measure a rectified voltage after interaction of the THz
radiation with a plasma wave in a transistor channel [39]. This approach based on
antenna-coupled FETs for THz detection have been implemented in standard
CMOS technology [40]. Their production does not require different procedures
with respect to standard CMOS technology, which provides the benefit of high
maturity in terms of fabrication yield and pixel uniformity. On the other hand, to
perform a successful THz imaging, the source beams must be expanded and in
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several standard setup [41] such an expansion is realized by means of parabolic
mirrors without any absorption.

Generally specking, the operating principle of a THz camera does not differ so
much from that described in the previous paragraphs: a source illuminates the
object under test and the reflected (or transmitted) signal is collected by the cam-
era. Moreover, between the object under test and the camera there are often lenses
devoted to focus the THz beam on the camera. The main difference with the THz
imaging system described in 3.1 and 3.2 is that the THz cameras provide non-
discriminatory intensity-based imaging. It is worth pointing out that, at the current
state of the technological development, THz cameras appear suitable to a possible
industrial application even if there are still issues related to the requirements to be
satisfied. First, the cameras manufacturing process should be compatible with
existing manufacturing techniques, such as CMOS technology, which enables the
development of high resolution image arrays, in order to reduce the costs. THz
cameras must be able to operate at room temperature while still retaining high
sensitivity and should be characterized by contained size, weight and energy
consumption in order to facilitate integration into industrial imaging systems.
Furthermore, it is crucial to assure that data acquisition and processing time are
compliant with the time of a production line [42, 43].

4. Applications of THz imaging in food industry

This paragraph provides an overview of the potentialities offered by THz
imaging in the frame of food inspections by presenting examples available in
literature as well as experiments carried out by the authors themselves. Specifically,
two kind of inspections are considered: 1) the detection of defect and foreign
bodies; 2) the packaging quality control.

It is worth pointing out that non-polar and non-metallic substances, such as
plastic, cardboard, wood and other common packaging materials, are transparent to
THz radiation and show very weak interaction with THz waves. This makes THz
imaging attractive tools for the inspections of packaged products. Consequently, the
use of THz waves allows us to detect unwanted objects that compromise the safety
of the product as well as to check defects of the sample under test by controlling its
integrity. In this way, defects such as irregular shape, breaking and even absence of
the product itself inside the package can be detected.

4.1 Defect and foreign body detection

The presence of defects and foreign bodies in food is one of the major concerns
of the food industry. Usually, the term ‘foreign body’ refers to unwanted objects in
food products and it accounts for contaminants originated both by food products
themselves (e.g bone in meat; fruit stones) and by manufacturing or packaging
processes (e.g metal, plastic, glass pieces and small stones) as well as for warms and
insects. In the last years, several research groups have focused their activities on
THz surveys devoted to detect and localize undesired hidden objects and to verify
the quality of food products. For this purpose, both CW systems and pulsed ones
have been employed.

The employment of THz systems for the detection of contaminants such as small
stones, glass, plastic and metal has been considered to investigate flour [44], milk
powder [45], wheat grain [46] and chocolate bars [47]. It is worth reporting, as an
example, the THz inspection of chocolate bars [17], that represents a promising
field of THz imaging application. In [17], THz imaging was performed in
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transmission mode with the aim of detecting contaminants such as stones, glass and
metal screws in chocolate bars and a THz-TDS working in the frequency range from
50 GHz to 2.5 THz was used. The 2D images were obtained by scanning the samples
perpendicularly to the THz beam. In all the analyzed cases, contaminants were
clearly localized in THz images due to the lower intensity of the transmitted THz
radiation when the foreign body were present. In fact, glass and stone absorbed part
of the signal decreasing its intensity, while metal reflected all THz radiation. THz
transmission imaging allowed to identify foreign bodies in the chocolate sample
both in the presence and absence of the plastic foil packaging. In [17], it has been
also demonstrated that is sufficient to record only some key points of the THz
waveform in order to collect all the necessary information thus decreasing the
amount of data and the measurement time and bringing the scanning speeds to 0.55
m=s. Furthermore, THz technology has been exploited to detect undesired hidden
insects such us crickets, mealworms and grasshoppers in flour [48], milk powdered
[18], noodle [49–51] and chocolate bars [47]. These studies have been referred to
laboratory prepared contaminated samples and have provided a preliminary assess-
ment of THz capabilities to detect insects in food.

The possibility to check the quality of red ginseng and walnuts has been investi-
gated in [52], where a sub wavelength transmission imaging system based on
Bessel–Gauss beam focusing in the 140 GHz frequency band has been used. Infor-
mation about the quality of the analyzed product was obtained since THz images
showed that high quality samples have a relatively uniform internal structure. It has
been demonstrated that red ginseng and walnuts with thicknesses of 20–30 mm
could be inspected without causing damage and the internal structure of these
objects was observed non destructively. Finally, already commercially available
THz imaging system [53], has been used to check the presence (or the absence) of
chocolate bars inside their package, preventing any complaints due to an incorrect
number of bars.

In this context, the potentialities offered by THz imaging has been assessed by
the authors themselves and two test cases involving chocolate cream are herein
presented. The results have been obtained by means of the Zomega THz FiCo
system available at the Institute for Electromagnetic Sensing of the Environment -
National Research Council of Italy (IREA-CNR). The adopted THz system is
equipped with an ad hoc designed imaging module, which allows an automatic
planar scan (see Figure 4) and collects data in normal reflection mode in the
effective frequency range from 40 GHz to 1.16 THz. For a more precise description
of the system see [16, 54]. The collected data have been processed by means of a
two-step filtering procedure: a band pass filter designed to select the effective
spectrum of the signal [54] followed by a singular value decomposition (SVD)
procedure [16].

Figure 5 shows the chocolate laboratory-prepared samples that are made by a
plastic support filled with a chocolate cream: in the first case there is a surface defect
consisting of a piece of pistachio peel (see 5a), in the second case metal has hidden
1 mm deep inside the chocolate cream, mimicking the foreign body (see 5b). False-
color THz images are shown in Figure 6, and have been obtained by plotting, point
by point, the maximum amplitude of the processed data collected by the system.
Figure 6 demostrates the THz imaging ability to detect pistachio peel on the surface
of the chocolate cream (see 6a) and the presence of the metal inside the sample (see
6b). Figure 7 shows filtered data, referred to the sample in Figure 5a, that have
been represented in the form of a THz radargram as described in Sec 3.2. The data
have been gathered with a 0.25 mm spatial step along the x-axis, for y = 14 mm and
y = 20 mm, which correspond to lines where the surface defect is present and
absent, respectively. By observing 7a, it is possible to note that the extent of the
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Figure 4.
Zomega FiCO system: Imaging module.

Figure 5.
Laboratory-prepared samples. (a) Surface defect. (b) Foreign body covered by a layer of chocolate.

Figure 6.
False color THz images. (a) Surface defect detection. (b) Foreign body detection.
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defect ranges from 10mm to 22mm. Figure 8 shows THz radargram, referred to the
sample in Figure 5b, gathered with a 0.25 mm spatial step along the x-axis, for
y = 20 mm, that corresponds to an area where the contaminant is present. By
observing Figure 8, it is possible to distinguish two reflections due to occurrence of
different materials. In particular, the first reflection is related to the air-chocolate
interface, while the second reflection represents the interface between the chocolate
and the metal layer. Based on the obtained results, one can state that THz waves
allow us not only to image the surface defect on the food samples, but also to detect
and localize hidden objects that may be dangerous for human life.

4.2 Packaging quality control

The detection of production defects in plastic or paper packaging is a potential
area of application for THz imaging. The possibility to check the integrity of plastic
welded joints using THz waves has been explored in [55] where a THz - TDS system
in transmission mode with a frequency range from 50 GHz to 2.5 THz has been
used. Several sheets of high-density polyethylene welded into a lap joint with

Figure 7.
THz Radargrams referred to 5a. (a) y = 14 mm - the extent of the surface defect ranges from 10 mm to 22 mm.
(b) y = 20 mm - No defect.

Figure 8.
THz Radargram referred to 5b - y = 11 mm. It is possible to distinguish two reflections due to occurrence of
different materials.
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different welds imperfections have been studied. The results obtained showed that
the contamination of metal or sand within the weld joint of two plastic sheets could
be clearly identified. Furthermore, THz-TDS allowed to distinguish between
welded and non-welded material.

Analysis regarding paper packaging defects have been carried out by the authors
of this chapter using THz FiCo system introduced in Section 4.1. The experiments
have regarded non destructive testing of sugar bags with and without packaging
defects. A standard packaging is reported in Figure 9a, while the sachet of sugar in
Figure 9b is characterized by a surface defect of about 10 mm. The data has been
gathered with a 0.4mm spatial resolution along the x and y axes. Figure 10 indicates
the ability of THz imaging to represent accurately the surface of the packaging. In
particular, the defect of the package has been successfully checked guaranteeing an
effective control of quality as Figure 10b shows. These results allow us to appreciate
the diagnostic capabilities of THz technology of detecting packaging defect that
could compromise the quality of the food.

5. Challenges and perspectives

THz imaging has interesting features that make it particularly attractive for food
quality control. However, there are several issues to be faced in order to move from

Figure 9.
Sugar bags. (a) Standard packaging. (b) Defect packaging highlighted in the box.

Figure 10.
False color THz images. (a) Standard packaging. (b) Defect packaging.
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laboratories and academic environments to a widespread industrial use. In this
frame, main issues are:

1.cost of detectors and sources, that is still too high to make THz technology
economically convenient for many applications;

2.scanning time, which is not compliant with the time of an industrial
production line;

3.high sensitivity to the environmental parameters, which implies a Signal to
Noise ratio not suitable for an accurate imaging.

Thanks to technological advancements regarding the development of laser
sources, integrated optics and industrial-grade THz hardware, a significant cost
reduction has been registered in the last years and it is expected in the future, thus
the availability of low-cost and high performance THz imaging systems appears as a
reachable goal. Furthermore, high performance multipixel THz cameras look like a
valuable solution to perform an accurate real time imaging satisfying someone of
the most relevant inspection requests. In this regard, the use of 2D arrays of emit-
ters and detectors is worth to be considered in order to avoid mechanical movement
of the sample. Alternatively, single-pixel detection combined with compressive
sensing techniques can be employed [56]. There are also challenges related to
attenuation, penetration depth and scattering effect of THz radiation to be consid-
ered. THz waves suffer a strong absorption by water and appears not effective to
inspect high humidity products with a thickness greater than 1 mm. In this respect,
broadband systems or systems working in the low-frequency THz region are subject
of research activities [57]. On the other hand, it is important to study THz interac-
tion with food materials and how it depends on the water type and its level. On the
other hand, THz waves exhibit a low penetration depth especially when measuring
high-moisture foods (e.g meat; fruit). The penetration depth depends on several
factors such as properties of the food material, thickness of the sample, power of
THz source, probing wavelength, view and observation angles under which the
food is surveyed [58]. Modern THz systems mitigate this problem enhancing the
power of the THz radiation [59]. The scattering effect affects both transmission and
reflection THz imaging and it is ascribable to in-homogeneity of food, the presence
of particles having irregular shape and size comparable to the probing wavelength
[25]. This challenges can be faced by using data processing algorithms exploiting an
advanced modeling of the interaction between THz radiation and food [25].

Finally, it is worth pointing out that, due to the diversity of samples to be
analyzed, most of the high-speed THz systems are application-specific. In fact, in
order to improve the performances of THz system in a manufacturing and
processing line, the system must be specifically optimized for that particular prod-
uct and purpose. This process is usually long and labor-intensive.

6. Conclusions and future trends

We presented an overview of the instruments and sensing principles used for
THz imaging and its application for food quality inspection. This chapter has begun
by presenting the main adopted THz systems and imaging modalities. In particular,
we focus our attention on THz imaging in trasmission mode, THz Time of Flight
imaging and THz Camera. Then, examples have been summarized briefly in order
to show THz imaging applications to different food samples. It emerged that, THz
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waves are characterized by the ability to pass through a wide variety of packaging
materials allowing us to control the quality of the products packaged in glass,
plastic, paper and cardboard. On the other hand, THz waves are able to detect low
density material hidden in food products through a non-destructive monitoring.
Although the effectiveness of THz imaging has been demonstrated for a large
number of issues in food quality control, it is clear that there is still a long way to go
before this technology can be applied in industrial processes. In fact, the costs of
THz instrumentation are still very high, there are limits in the penetration depth
that can be investigated and the process is time consuming. So future research is
needed to develop fast and economical THz systems through the implementation of
compact and more efficient instrumentation. Another important goal to be achieved
is the introduction of a database library for the main food component that can
simplify the prediction and detection processes. Despite the limitations, THz imag-
ing is establishing itself as a powerful tool for non-destructive inspection in the food
industry and for the next future its use is expected to be considered in a wide range
of surveys and become more and more consolidated.
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Chapter 6

Terahertz Sensing Based on
Photonic Crystal Fibers
Md. Ahasan Habib, Md. Shamim Anower
and Md. Nazmul Islam

Abstract

Photonic-crystal-fiber (PCF) based sensors in the terahertz spectrum have been
immensely studied and implemented due to their unique advantages and high
sensitivity. At an early stage, conventional and hybrid structured porous core
PCF-based sensors were proposed, but the sensitivity was not so high. With the
advancement of PCF fabrication technology, hybrid structured hollow-core PCFs
have been reported and offer superior sensing characteristics than the previous
types. In this chapter, both porous core and hollow-core PCF-based THz sensors are
analyzed and the propagation characteristics are explained using terahertz spec-
trum. Finally, some promising terahertz sensors are studied and compared at the
end of this chapter.

Keywords: terahertz, photonic crystal fiber, relative sensitivity, porous &
hollow-core PCF

1. Introduction

The electromagnetic signal whose frequency ranges between 0.1 and 10 THz is
termed the terahertz radiation band [1–4]. This radiation band has been effectively
used in numerous applications, such as sensing, medical imaging, biotechnology,
and genetic engineering, security, chemical spectroscopy, diagnosis of different
cancerous cells, radar, and astronomy [5–10]. Due to the massive advancement in
the optoelectronics sector, numerous types of terahertz sources and terahertz
detectors (photoconductive antennas, bolometers, etc.) are already available on the
market [11–13]. On the contrary, efficient and favorable terahertz waveguides are
still under research. The major barrier for the expansion of terahertz waveguides in
different applications is the selection of waveguide base material. Metallic wave-
guides are suitable for microwave signal propagation, but they offer high ohmic loss
for higher frequency signals. A circular-shaped metallic waveguide [14] was pro-
posed in 1999, which suffered only ohmic loss for terahertz signals, whereas copla-
nar and microstrip transmission lines exhibited other types of losses [15]. One of the
major drawbacks of this circular waveguide was the strong dispersion near the cut-
off frequency. One year later, a rectangular metallic waveguide [16] was demon-
strated theoretically and experimentally, which experienced the same type of loss
and dispersion problem as the circular metallic waveguide [15]. In 2001, a copper-
based parallel plate terahertz waveguide was proposed, which exhibited only ohmic
loss but the dispersion was absent for this type of waveguide [17]. After that, Wang
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and Mittleman first introduced bare metal or Sommerfeld wire as a terahertz wave-
guide, and they proved that this waveguide offered less loss than the metallic
waveguides [18]. However, in metallic waveguides, the ohmic loss was low, but this
waveguide experienced fewer light confinement problems for terahertz waves. This
problem can be solved by replacing metallic slit waveguides instead of the bare
metal waveguide, and it was first introduced in 2007 [19]. Along with the various
types of metallic waveguides, some remarkable dielectric waveguides were also
proposed by the researchers, which also include those in the terahertz frequency
range. The dielectric waveguides were used to transmit higher frequency signals
(such as infrared and optical frequencies) as metallic wires experienced higher
losses at these frequencies. On the contrary, the dielectric waveguides were
subjected to dielectric absorption loss dependent on waveguide frequencies.
Dielectric waveguides can be classified into two categories, which are hollow- and
solid-core-fiber waveguides. The dielectric waveguides offer better light confine-
ment capability than metallic waveguides, so the dielectric waveguides are more
popular for terahertz wave propagation.

2. Photonic crystal fiber

In hollow-core dielectric waveguide, the light is confined by an omnidirectional
mirror and the dielectric material is transparent to a high frequency signal. So that,
the hollow-core dielectric waveguide eliminates the limitations existing in silica
fiber and hollow metallic waveguide. The light-guiding mechanism in PCFs are
exactly similar to the hollow-core dielectric waveguide so that the PCFs can be
considered as a dielectric waveguide. The invention of photonic crystal fibers
(PCFs) has opened a new door for optoelectronics researchers. However, the selec-
tion of the base material for PCF is a tough task as most of the materials experience
wavelength-dependent attenuation loss for wide-band signals. In the recent past, a
huge number of fused silica-based solid core optical waveguides have been theoret-
ically and experimentally investigated due to some excellent characteristics of this
material compared to other glasses or plastics [20]. Fused silica has higher tensile
strength, higher transparency to light waves, lower absorption loss, higher avail-
ability in nature, high melting point, lower dispersion characteristics, and so on,
which increase its popularity as an optical waveguide [21]. However, the silica-
based fibers are not suitable for the terahertz spectrum as they offer high absorption
loss and modal dispersion to terahertz signals. The most commonly used materials
for terahertz dielectric waveguides are TOPAS, Zeonex, Teflon, PMMA, etc. due to
their lower loss coefficients [15]. Among them, TOPAS and Zeonex offer the lowest
loss coefficient and highest transparency towards the terahertz spectrum, so that
various application dependent fiber waveguides based on those materials have been
proposed [22].

PCFs can be classified into three categories on the basis of the core structure,
which are solid core PCF [22], porous core PCF [23, 24], and hollow-core PCF [25].
In addition to wave communication functions, PCFs can also be used for optical
sensing. To apply a PCF in sensing applications, the sample under test is filled in the
core and after that, the electromagnetic wave is injected through the core [26]. The
light interacts with the sample, and after analyzing the received signal, the
unknown sample can be identified [26]. However, solid core PCF cannot be used in
sensing applications as it is not possible to inject analyte inside of the solid core. So,
numerous structures based on hollow-core and porous core dielectric fibers have
been proposed as liquid or gas sensors [27–31] using the electromagnetic signal at
1.33 μm or 1.55 μm wavelengths. These proposed PCF-based sensors offer relatively
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high sensitivity and superior guiding characteristics, which are compared with
commonly used mechanical sensors and transducers.

3. PCF waveguide parameters

In order to claim a PCF as a good sensor, it must satisfy some criteria,
including high relative sensitivity, low confinement loss, and high numerical aperture.
The mathematical formulas or expressions are shown and explained, which are gen-
erally used to calculate the sensing and guiding characteristics of an optical sensor.

Relative sensitivity is the key parameter of any PCF-based sensor, which is an
indication of how much change of an analyte can be sensed or detected by the
sensor. Higher relative sensitivity is desirable from any sensor, as the higher the
relative sensitivity, the smaller the change that can be identified by the sensor. The
mathematical expression to calculate the relative sensitivity (r) is [27–34],

r ¼ nr
neff

� P% (1)

where nr and neff are the effective refractive index of the actual propagating
EM wave through the core and the analytes, respectively. In addition, P indicates
how much light signal power interacts with the analytes filled in the fiber core.
In the case of a PCF-based sensor, the parameter P is known as power fraction,
and that can be easily calculated from the following mathematical expression [27],

P ¼

ð

sample
Re ExHy � EyHx
� �

dxdy
ð

total
Re ExHy � EyHx
� �

dxdy
� 100 (2)

where Ex, Ey, Hx, and Hy stand for x and y polarized electric field and magnetic
field, respectively, when the propagation direction of light is in the z direction. The
numerator of Eq. (2) integrates the energy that interacts with the sample under test
and the denominator does the same for the complete sensor.

Another important propagation parameter for any kind of optical fiber-based
waveguide or sensor is confinement loss. This loss parameter determines the actual
fiber length as higher confinement loss restricts the actual fiber length. This
parameter indicates the amount of power wastage due to the cladding air holes and
it is usually calculated by employing the following expressions [27–29],

αCL ¼ 8:686� 2πf
c

Im neff
� �

(3)

where f is the operating frequency of the propagating EM signal, c is the speed of
light in free space, and Im (neff) stands for the imaginary part of the effective
refractive index. In order to be considered a good sensor, the loss must be low. Till
date, no optical sensor with lower confinement loss has been developed.

Along with the confinement loss, another loss is present in all optical sensors,
which is called effective material loss (EML), which reflects the information power
consumed by the background material of the sensor. However, many authors did
not provide this parameter in their articles, but it is very important for the practical
implementation or setup of a terahertz sensor. The mathematical equation to
quantify the EML of a sensor is [1],
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αeff ¼
ε0=μ0

� �1=2ð

Amat

n αmat Ej j2dA

2
ð

All

SZ dA
(4)

where ε0 and μ0 indicate the relative permittivity and permeability of the vac-
uum, n is the refractive index of the guided light, and αmat is the bulk material loss
coefficient of the base material of the sensor. Usually, Topas and Zeonex are the
most commonly used materials for the terahertz sensor as they provide the lowest
loss coefficient in the terahertz regime. However, different terahertz sensors with
PMMA, Teflon, etc. were also proposed by the researchers in the recent past which
offered slightly higher EML than the recently proposed PCF-based sensors.

Another important propagation parameter is birefringence, which is important
in the case of sensing applications. Birefringence is the absolute difference between
the effective refractive indexes of x and y polarization mode which is expressed by
using the following expression [32, 33],

B ¼ nx � ny
�� �� (5)

where nx and ny are the effective refractive indexes in the x and y directions,
respectively.

In addition, some other propagation characteristics such as bending loss,
numerical aperture, V parameter, spot size, beam divergence, nonlinearity, etc. are
discussed in [32–45].

4. Photonic-crystal-fiber-based terahertz sensor

A large number of PCF-based terahertz sensors have been proposed in the recent
past for the identification of different types of chemicals [32–34], bane chemicals
[41], blood components [48–50], alcohols [36], and so on. The prime designing
objective of any kind of PCF-based sensor is to propagate the maximum amount of
light through the core so that maximum light-analyte interaction takes place. The
cross-sectional view of some excellent PCF-based sensors in the terahertz regime is
represented in Figure 1.

A kagome lattice slotted core fiber is shown in Figure 1(a), which was proposed
by Islam et al. to detect benzene (n = 1.366), ethanol (n = 1.354), and water (n = 1.33)
by using the terahertz spectrum [33]. The kagome structure in Figure 1(a) offers
high confinement of light through the core due to the compact structure in the
cladding. That’s the reason why the proposed sensor in Figure 1(a) has high relative
sensitivity in Figure 2(a) and (b) for the x and y polarization mode. As the core is not
symmetrical, the power distribution in both polarization is unequal.

Another hybrid structured PCF with all rectangular holes is proposed by Islam
et al. in order to detect three different liquids [37]. Its cross-section is shown in
Figure 1(b) with an enlarged view of the core section. Figure 1(b) shows that the
structure is not symmetric, performing birefringence and unequal power distribu-
tion in two polarization directions. The relative sensitivity is shown in Figure 2(c)
and (d) for two different core dimensions. As the W value is larger than the H
value, more light travels with the x-polarization mode. The sensitivity of a
x-polarization mode is thus high. Similarly, Figure 2(d) shows the relative
sensitivity increases as enlarging the fiber core.

Habib et al. proposed a simple hollow-core PCF-based chemical detector [40]
using terahertz spectrum and the two-dimensional view is represented in
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Figure 1(c). One rectangular air hole is introduced in the core region to be injected
by analytes. Due to asymmetric structure, this sensor also has birefringence and the
relative sensitivity for both polarization modes are presented in Figure 2(e) and (f).
This sensor has extremely high sensitivity around 90% at 1.9 THz for the
y-polarization mode.

A very simple hollow-core chemical sensor [36] was proposed in 2018 in
Figure 1(d). Due to the asymmetric core, the relative sensitivity of that sensor for
both polarization modes is reported in Figure 2(g) and (h). Figure 1(d) indicates
that there are considerable amounts of high indexed solid material in the core
region. This proposed sensor, therefore, extracts a small fractional THz signal for
sensing and results in lower sensitivity. The maximum relative sensitivity is around
73% at 1 THz.

Figure 1(e) represents a hybrid structured hollow-core PCF [45] for the identi-
fication of cholesterol present in human blood and fruits. The proposed sensor
offered a very high relative sensitivity of 98% at optimum conditions for two main
reasons. Firstly, the hollow-core permits maximum light to travel through the core,

Figure 1.
Cross-sectional view of (a) kagome structured slotted core chemical sensor [33], (b) hybrid structured hollow-
core chemical sensor [37], (c) hybrid structured rectangular hollow-core chemical sensor [40], (d) hexagonal
structured rectangular porous core alcohol sensor [36], (e) hybrid structured polygonal hollow-core cholesterol
sensor [45] and (f) hybrid structured rectangular hollow-core blood component sensor [48] in the terahertz
regime.
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Figure 2.
Relative sensitivity of (a)-(b) kagome structured slotted core chemical sensor [33], (c)-(d) hybrid structured
rectangular porous core chemical sensor [37], (e)-(f) hybrid structured rectangular hollow-core chemical sensor
[40], (g)-(h) hexagonal structured rectangular porous core alcohol sensor [36], (i) hybrid structured polygonal
hollow-core cholesterol sensor [45] for different operating frequencies in the terahertz regime.
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which increases the power fraction, and finally, the higher refractive index choles-
terol (n = 1.525) attracts more light to interact with itself. So that, according to the
data of Table 1, the relative sensitivity of this cholesterol sensor is maximum and
the graphical representation of the variation of relative sensitivity is shown in
Figure 2(g). This figure also shows the relationship between the core dimension
and sensitivity. For example, the maximum core dimension has the highest
relative sensitivity than at 1.2 THz when the enlarged core has strong light-analyte
interaction.

Few PCF-based sensors can identify different components of human blood
[48–50]. In 2019, Ahmed et al. proposed a hollow-core Zeonex-based blood com-
ponent sensor in the terahertz spectrum [48], whose cross-sectional view is
represented in Figure 1(f). The relative sensitivity of red blood cells (RBCs),
hemoglobin, white blood cells (WBCs), plasma, and water for different operating
frequencies is shown in Figure 3(a) and (b). From the above discussion, it is clear
that the relative sensitivity of the terahertz sensors is higher than the silica-based
sensors using IR spectrum [27–31]. In addition, hollow-core terahertz sensors
offer higher sensitivity (Figure 2(c)–(f), (i)) than that of porous core sensors
(Figure 2(a), (b), (g), (h)).

Now, the loss characteristics of different types of terahertz PCF sensors are
discussed below. To reduce the confinement loss and the effective material loss,
numerous types of core and cladding structured PCFs were presented [26, 32–35].
However, the light confinement inside the core is largely dependent on the geo-
metric structure of PCF. Now, the variation of confinement loss of PCF-based
sensors (Figure 1) for different THz frequencies is shown in Figure 4(a)–(f). The
first three figures (Figure 4(a)–(c)) represent the confinement loss characteristics
at certain PCF structures for sensing benzene, ethanol, and water [33, 37, 40]. At
high THz frequency, the confinement loss is lower for all analytes because a few
fractional THz wave at high frequency travels through the cladding air holes. The
confinement loss of benzene is lowest than the other two samples due to the highest
refractive index. The sensing results of Figure 1(d) and (e) are represented in
Figure 4(d) and (e) respectively. The two figures inform that the loss is inversely
proportional to the core dimension of the PCFs. Finally, Figure 4(f) shows the
confinement loss for sensing blood samples [48]. The confinement loss is low at the
high THz frequency and high refractive index conditions. THz waves with high
frequencies have the tendency to travel through the high indexed zone, so less
fractional power propagates through the cladding. The confinement loss is low at
high THz frequencies for all PCF-based sensors. The confinement loss is minimum
for the cholesterol sensor (Figure 1(e)).

Now, the THz wave loss characteristics of different PCF-based sensors in the
terahertz regime are investigated. The THz loss spectra are represented in
Figure 5 for different proposed terahertz sensors shown in Figure 1(a)–(f). This
loss comes from the solid materials around the core. The THz wave loss
characteristics of benzene, ethanol, and water sensors in Figure 1(b) and (c) are
shown in Figure 5(a) and (b) for different operating frequencies. However,
according to Figure 5(a) and (b), it is clear that the loss shows an upward trend
with the increase of operating frequency. Because THz waves at higher
frequency can travel through high indexed solid material, the material more absorbs
THz wave energy. Figure 5(c) and (d) represent THz wave loss characteristics of
PCF-based sensors in Figure 1(d) and (e) for different structural conditions.
Figure 5(c) shows that THz wave loss is lower for increasing the width of elliptical
air holes (Figure 1(e)). Figure 5(d) shows that the THz wave loss is lowest for the
largest core dimension. This structure in Figure 5(d) performs the lowest loss
among Figure 5(a)–(d).
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Ref. Sensor’s structure Sample’s name r[%] αCL[dB/m] αeff [cm�1] B

[32] Cladding- Hexagonal
Core- Hexagonal
Material: Topas

Ethanol 73.5 N/A N/A 0.011

Water 71.5 N/A N/A 0.013

[33] Cladding- kagome
Core- slotted

Material: Topas

Benzene 85.9 1.02 � 10�9 N/A 0.0065

Ethanol 85.7 1.7 � 10�9 N/A 0.005

Water 85.6 4.5 � 10�9 N/A 0.0043

[34] Cladding- Hybrid
Core- circular
Material: Topas

Benzene 78.8 5.83 � 10�9 N/A N/A

Ethanol 78.5 5.81 � 10�10 N/A N/A

Water 69.7 5.34 � 10�8 N/A N/A

[35] Cladding- Hybrid
Core- Hybrid

Material: Zeonex

HCN 77.5 4.34 � 10�8 N/A 0.049

KCN 85.7 4.34 � 10�8 N/A 0.042

NACN 87.6 4.34 � 10�8 N/A 0038

[36] Cladding- Hexagonal
Core- Rectangular
Material: Zeonex

Ethanol 68.87 2.66 � 10�9 0.05 0.0176

[37] Cladding- Slotted
Core- Rectangular
Material: Zeonex

Benzene 97.2 1.5 � 10�11 N/A 0.019

Ethanol 96.97 3.02 � 10�11 N/A 0.017

Water 96.6 2.7 � 10�12 N/A 0.015

[38] Cladding- circular
Core- circular
Material: Silica

Benzene 77.16 1.39 � 10�7 N/A N/A

Ethanol 76.44 1.43 � 10�7 N/A N/A

Water 73.20 1.49 � 10�7 N/A N/A

[39] Cladding-Heptagonal
Core- rotated hexa
Material: Topas

Benzene 63.24 10�10 N/A N/A

Ethanol 61.05 10�10 N/A N/A

Water 60.03 10�10 N/A N/A

[40] Cladding- Hybrid
Core- rectangular hollow

Material: Zeonex

Benzene 89 1.15 � 10�7 N/A 0.007

Ethanol 88 1.15 � 10�7 N/A 0.007

Water 86 1.15 � 10�7 N/A 0.007

[41] Cladding- Hexagonal
Core- quad elliptical
Material: Zeonex

Tabun 63.7 4.34 � 10�5 0.033 N/A

Sarin 64.4 4.34 � 10�5 0.028 N/A

[42] Cladding- Hybrid
Core- rectangular
Material: Zeonex

Tabun 95.5 7.42 � 10�12 0.0094 0.006

Soman 94.87 9.33 � 10�12 0.0089 0.00645

Sarin 94.28 1.24 � 10�11 0.0086 0.068

[43] Cladding-Heptagonal
Core- rotated hexa
Material: Silica

Benzene 69.20 1.92 � 10�9 N/A N/A

Ethanol 68.48 2.13 � 10�9 N/A N/A

Water 66.7 2.7 � 10�6 N/A N/A

[44] Cladding- Hexagonal
Core- rotated hexa
Material: Topas

Benzene 82.26 6 � 10�8 N/A N/A

Ethanol 81.46 5.85 � 10�8 N/A N/A

Water 79.22 5.84 � 10�8 N/A N/A

[45] Cladding- Eight head star
Core- octagonal
Material: Topas

Cholesterol 98.75 1.34 � 10�17 0.0008 N/A
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The following comparison shows the guiding characteristics for hybrid
structured sensors [34, 35, 40, 42, 46, 48] and conventional structured sensors
[33, 36–39, 41, 43–45, 47, 49–51] in terahertz regime.

The most interesting characteristic of PCF-based sensors is that the guiding or
sensing properties are highly dependent on the geometry or structure of the PCFs.
However, from Table 1, it is quite clear that the relative sensitivity and loss profile
is lower for nonconventional structured PCF than regular structured one. For
example, the conventional structured liquid sensor in Ref. [44] offered the highest
sensitivity of 82.26% among regular structured PCFs but the core loss is high
(>10 dB�8 dB/m). On the other hand, a maximum of 93.5% relative sensitivity with

Ref. Sensor’s structure Sample’s name r[%] αCL[dB/m] αeff [cm�1] B

[46] Cladding- Hybrid
Core- slotted

Material: Topas

Benzene 93.95 4.08 � 10�9 0.0125 N/A

Water 93.70 2.66 � 10�8 0.0118 N/A

HCN 93.40 4.08 � 10�9 0.0100 N/A

NaCN 9442 3.77 � 10�6 0.0149 N/A

Ketamine 94.87 3.97 � 10�7 0.0175 N/A

Amphetamine 94.78 3.17 � 10�6 0.0165 N/A

[47] Cladding- Octagonal
Core- rotated hexa
Material: Topas

Benzene 78.06 3.02 � 10�6 N/A N/A

Ethanol 77.14 2.26 � 10�3 N/A N/A

Water 76.11 2.72 � 10�2 N/A N/A

[48] Cladding-Rectangular slotted
Core- Rectangular hollow

Material: Zeonex

RBC 93.5 1.35 � 10�11 N/A N/A

HB 92.41 2.16 � 10�11 N/A N/A

WBC 91.25 3.26 � 10�11 N/A N/A

Plasma 90.48 3.95 � 10�11 N/A N/A

Water 89.14 5.64 � 10�11 N/A N/A

[49] Cladding- Hybrid
Core- Hybrid
Material: Topas

RBC 80.93 1.23 � 10�11 N/A N/A

HB 80.56 8.63 � 10�12 N/A N/A

WBC 80.13 4.93 � 10�12 N/A N/A

Plasma 79.91 2.93 � 10�12 N/A N/A

Water 79.39 1.30 � 10�12 N/A N/A

[50] Cladding- Hexagonal
Core- Hybrid

Material: Zeonex

RBC 83.45 2.91 � 10�13 N/A N/A

HB 81.20 4.05 � 10�13 N/A N/A

WBC 80.78 8.2 � 10�13 N/A N/A

Plasma 79.60 4.92 � 10�12 N/A N/A

Water 78.80 3.49 � 10�12 N/A N/A

[51] Cladding-Hybrid
Core-Circular

Material: Zeonex

RBC 95.80 3.80 � 10�11 N/A N/A

HB 95 1.13 � 10�11 N/A N/A

WBC 93.6 2.15 � 10�10 N/A N/A

Plasma 92.5 6.25 � 10�10 N/A N/A

Water 91.4 8.30 � 10�9 N/A N/A

Table 1.
Comparison of different guiding and sensing parameters for numerous types of remarkable terahertz sensors.

117

Terahertz Sensing Based on Photonic Crystal Fibers
DOI: http://dx.doi.org/10.5772/intechopen.101732



lower confinement loss (< 10 dB�9 dB/m) can be achieved from PCF-based sensor
in Ref. [46]. Moreover, the relative sensitivity and loss are also dependent on the
test sample also. In Table 1 the highest relative sensitivity (98.75%) and lowest loss

Figure 3.
Relative sensitivity as a function of frequency for different blood components in terahertz regime from (a)-(b) in
ref. [48].

Figure 4.
Confinement loss as a function of frequency of (a) Figure 1(a) ref. [33], (b) Figure 1(b) ref. [37], (c)
Figure 1(c) ref. [40], (d) Figure 1(d) ref. [36], (e) Figure 1(e) ref. [45] and (f) Figure 1(f) ref. [48] for
different PCF based sensors.
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(core loss = 1.34� 10 dB�17 dB/m and THz wave loss = 0.008 cm�1) was reported in
Ref. [45] as the refractive index of cholesterol (refractive index = 1.525) is
maximum than any other samples reported in Table 1.

5. Conclusion

In this chapter, different types of PCF-based terahertz sensors were discussed
and compared for numerous chemicals, toxic agents, and blood components iden-
tification. In addition, a brief discussion about terahertz technology and different
terahertz waveguides are included in this chapter. The sensing and guiding param-
eters of numerous terahertz sensors are numerically discussed and graphically
represented for a better understanding of the readers. However, efficient
application-specific terahertz sensors are still under research and we hope this
chapter will help the optoelectronics researchers to propose new sensors.

Figure 5.
Effective material loss variation of numerous structured terahertz sensorsas a function of frequency of (a)
Figure 1(b) ref. [37], (b) Figure 1(c) ref. [40], (c) Figure 1(d) ref. [36], (d) Figure 1(e) ref. [45].

119

Terahertz Sensing Based on Photonic Crystal Fibers
DOI: http://dx.doi.org/10.5772/intechopen.101732



Author details

Md. Ahasan Habib1*, Md. Shamim Anower1 and Md. Nazmul Islam2

1 Department of Electrical and Electronic Engineering, Rajshahi University of
Engineering and Technology, Rajshahi, Bangladesh

2 Department of Electrical and Electronic Engineering, Bangabandhu Sheikh
Mujibur Rahman Science and Technology University, Gopalganj, Bangladesh

*Address all correspondence to: habib.eee.116.ah@gmail.com

©2022TheAuthor(s). Licensee IntechOpen. This chapter is distributed under the terms
of theCreativeCommonsAttribution License (http://creativecommons.org/licenses/
by/3.0),which permits unrestricted use, distribution, and reproduction in anymedium,
provided the original work is properly cited.

120

Terahertz Technology



References

[1] Ahlbom A, Bridges J, Seze R, Hillert L,
Juutilainen J, Mattsson M, et al. Possible
effects of electromagnetic fields (EMF) on
human health—Opinion of the Scientific
Committee on Emerging and Newly
Identified Health Risks (SCENIHR).
Toxicology. 2008;246:248-250

[2] Yang X, Zhao X, Yang K, Liu Y, Fu
W, Luo Y. Biomedical applications of
terahertz spectroscopy and imaging.
Trends in Biotechnology. 2016;34(10):
810-824

[3] Habib MA, Anower MS. Design and
numerical analysis of highly birefringent
single mode fiber in THz regime. Optical
Fiber Technology. 2009;47:197-203

[4] Reza MS, Habib MA. Extremely
sensitive chemical sensor for terahertz
regime based on a hollow core photonic
crystal fiber. Ukrainian Journal of
Physical Optics. 2020;21(1):8-14

[5] Zhang XC. Terahertz wave imaging:
Horizons and hurdles. Physics in
Medicine & Biology. 2002;47(21):3663

[6] WuK,Qi C, Zhu Z,WangC, Song B,
ChangC. Terahertzwave acceleratesDNA
unwinding: Amolecular dynamics
simulation study. Journal of Physical
ChemistryLetters. 2020;11(17):7002-7008

[7] Song Q, Zhao Y, Redo-Sanchez A,
Zhang C, Liu X. Fast continuous
terahertz wave imaging system for
security. Optics Communications. 2009;
282(10):2019-2022

[8] Zhang Z, Ding H, Yang X, Liang L,
Wei D,WangM, et al. Sensitive detection
of cancer cell apoptosis based on the non-
bianisotropicmetamaterial biosensors in
terahertz frequency. Optical Material
Express. 2018;8(3):659-667

[9] Cheon H, Paik JH, Choi M, Yang H,
Son J. Detection and manipulation of
methylation in blood cancer DNA using

terahertz radiation. Scientific Reports.
2019;9(6413)

[10] Cooper KB, Dengler RJ, Liombart N,
Bryllrt T, Chattopadhyay G,Mehdi I,
et al. An approach for sub-second imaging
of concealed objects using terahertz radar.
Journal of Infrared Millimeter, Terahertz
andWaves. 2009;30:1297-1307

[11] Shrekenhamer D,Watts C, PadillaW.
Terahertz single pixel imaging with an
optically controlled dynamic spatial light
modulator. Optics Express. 2013;21(10):
12507-12518

[12] Lewis RA. A review of terahertz
sources. Journal of Physics: D. 2014;47:
374001

[13] Yardimci NT, Cakmakyapan S,
Hemmati S, Jarrahi M. A high power
broadband terahertz source enabled by
three dimensional light confinement in a
plasmonic nanocavity. Scientific
Reports. 2017;7:4166

[14] McGowan RW, Gallot G,
Grischkowsky D. Propagation of ultra-
wideband short pulses of THz radiation
through sub millimeter-diameter
circular waveguides. Optics Letters.
1999;24:1431-1433

[15] Atakaramians S. Terahertz
waveguides: A study of microwires and
porous fibers. Available from: http://hdl.
handle.net/2440/69317. 2011

[16] Gallot G, Jamison SP, McGowan
RW, Grischowsky D. Terahertz
waveguides. Journal of Optical Society
of America B. 2000;17(5):851-863

[17] Mendis R, Grischkowsky D.
Undistorted guided wave propagation of
sub picosecond terahertz pulses. Optics
Express. 2001;26(11):846-848

[18] Wang K, Mittleman DM. Metal
wires for terahertz wave guiding.
Nature. 2004;432:376-379

121

Terahertz Sensing Based on Photonic Crystal Fibers
DOI: http://dx.doi.org/10.5772/intechopen.101732



[19] Wachter M, Nagel M, Kurz H.
Metallic slit waveguide for dispersion
free low loss terahertz signal
transmission. Applied Physics Letter.
2007;90:061111

[20] Kuhlmey BT, Eggleton BJ, Wu
DKC. Fluid filled solid-core photonic
bandgap fibers. Journal of Lightwave
Technology. 2009;27(11):1617-1630

[21] You J, Lin S, Zhang J, Lin S, Fu L,
Zheng R, et al. Optical properties of He+

implanted fused silica glass waveguides.
International Journal of Modern Physics
B. 2021;35(2):2150026

[22] Sterke CM, Grujic T, Kuhlmey BT,
Argyros A. Solid core photonic crystal
fiber with ultrawide bandgap. Frontiers
in Optics. 2020. DOI: 10.1364/FIO.2010.
FTuW2

[23] Habib MA, Anower MS, Hasan MR.
Highly birefringent and low effective
material loss microstructure fiber for
terahertz wave guidance. Optics
Communications. 2018;423:140-144

[24] Habib MA, Anower MS. Square
porous core microstructure fiber for low
loss terahertz applications. Optics and
Spectroscopy. 2019;126(5):607-613

[25] Couny F, Benabid F, Light PS. Large
pitch kagome structured hollow core
photonic crystal fiber. Optics Letters.
2006;31(24):3574-3576

[26] Habib MA, Vera ER, Aristizabal JV,
Anower MS. Numerical modelling of a
rectangular hollow core waveguide for
the detection of fuel adulteration in
terahertz region. Fibers. 2020;8:63

[27] Asaduzzaman S, Ahmed K, Bhuiyan
T, Farah T. Hybrid photonic crystal
fiber in chemical sensing. Springer Plus.
2016;5:748

[28] Paul BK, Ahmed K, Asaduzzaman S,
Islam MS. Folded cladding porous

shaped photonic crystal fiber with high
sensitivity in optical sensing
applications: Design and analysis.
Sensing and Bio-Sensing Research. 2017;
12:36-42

[29] Podder E, Hossain MB, Jibon RH,
Bulbul AAM, Mondal HS. Chemical
sensing through photonic crystal fiber:
Sulfuric acid detection. Frontiers in
Optoelectronics. DOI: 10.1007/
s12200-019-0903-8

[30] Leon MJBM, Abedin S, Kabir MA. A
photonic crystal fiber for liquid sensing
applications with high sensitivity,
birefringence and low confinement loss.
Sensors International. DOI: 10.1016/j.
sintl.2020.100061

[31] Eid MMA, Habib MA, Anower MS,
Rashed ANZ. Highly sensitive nonlinear
photonic crystal fiber based sensor for
chemical sensing applications.
Microsystem Technologies. DOI:
10.1007/s00542-020-05019-w

[32] Rana S, Kandadai N, Subbaraman H.
A highly sensitive polarization
maintaining photonic crystal fiber
sensor operating in the THz regime.
Photonics. 2018;5(40):1-9

[33] IslamMS, Sultana J, Ahmed K, Islam
MR, Dinovitser A, Ng BW, et al. A novel
approach for spectroscopic chemical
identification using photonic crystal
fiber in the terahertz regime. IEEE
Sensors Journal. 2018;18(2):575-582

[34] Paul BK, Ahmed K, Vigneswaran D,
Ahmed F, Roy S, Abbott D. Quasi
photonic crystal fiber based
spectroscopic chemical sensor in the
Terahertz spectrum: Design and
analysis. IEEE Sensors Journal. 2018;
18(24):9948-9954

[35] Islam MS, Sultana J, Dinovitser A,
Ng BW, Abbott D. Sensing of toxic
chemicals using polarized photonic
crystal fiber in terahertz regime. Optics
Communications. 2018;426:341-347

122

Terahertz Technology



[36] Sultana J, Islam MS, Ahmed K,
Dinovitser A, Ng BW, Abbott D.
Terahertz detection of alcohol using a
photonic crystal fiber sensor. Applied
Optics. 2018;57(10):2424-2433

[37] Islam MS, Sultana J, Rifat AA,
Dinovitser A, Ng BW, Abbott D.
Terahertz sensing in a hollow core
photonic crystal fiber. IEEE Sensors
Journal. 2018;18(10):4073-4080

[38] Sen S, Ahmed K. Design of terahertz
spectroscopy based optical sensor for
chemical detection. SN Applied
Sciences. 2019;1:1215

[39] Hasan MM, Sen S, Rana MJ, Paul
BK, Habib MA, Daiyan GM, et al.
Heptagonal photonic crystal fiber based
chemical sensor in THz regime. In: Joint
2019 8th International Conference on
Informatics, Electronics & Vision
(ICIEV) & 3rd International Conference
on Imaging, Vision & Pattern
Recognition (IVPR).

[40] Habib MA, Anower MS, Abdulrazak
LF, Reza MS. Hollow core photonic
crystal fiber for chemical identification in
terahertz regime. Optical Fiber
Technology. 2019;52:101933

[41] Yakasai I, Abas PE, Kaijage SF,
CaesarendraW, Begu F. Proposal for a
quad-elliptical photonic crystal fiber for
terahertz wave guidance and sensing
chemical warfare liquids. Photonics. 2019;
6:78

[42] Hossain MB, Podder E, Bulbul AA,
Mondal HS. Bane chemical detection
through photonic crystal fiber in
terahertz regime. Optical Fiber
Technology. 2020;54:102102

[43] Hossain MS, Sen S. Design and
performance improvement of optical
chemical sensor based photonic crystal
fiber (PCF) in the Terahertz (THz)
wave propagation. SILICON. DOI:
10.1007/s12633-020-00696-8

[44] Sen S, Shafi MAA, Kabir MA.
Hexagonal photonic crystal Fiber (H-
PCF) based optical sensor with high
relative sensitivity and low confinement
loss for terahertz (THz) regime. Sensing
and Bio-Sensing Research. 2020;30:
100377

[45] Rahman MM, Mou FA, Bhuiyan
MIH, Islam MR. Photonic crystal fiber
based terahertz sensor for cholesterol
detection in human blood and liquid
foodstuffs. Sensing and Bio-Sensing
Research. 2020;29:100356

[46] Rahman A, Khaleque A, Ali MY,
Rahman MT. THz spectroscopic sensing
of liquid chemicals using a photonic
crystal fiber. OSA Continuum. 2020;
3(11):2982-2996

[47] Shafi MAA, Sen S. Design and
analysis of a chemical sensing octagonal
photonic crystal fiber (O-PCF) based
optical sensor with high relative
sensitivity for terahertz (THz) regime.
Sensing and Bio-Sensing Research.
2020;29:100372

[48] Hossain MB, Podder E. Design and
investigation of PCF-based blood
components sensor in terahertz regime.
Applied Physics A. 2019;125:861

[49] Ahmed K, Ahmed F, Roy S, Paul
BK, Akter MN, Vigneswaran D, et al.
Refractive index based blood
components sensing in Terahertz
spectrum. IEEE Sensors Journal. 2019;
19(9):3368-3375

[50] Habib MA. A refractive index based
micro-structured sensor forblood
components detection in terahertz
regime. Sensor Letters. 2020;18(1):74-81

[51] Eid MMA, Habib MA, Anower MS,
Rashed ANZ. Hollow core photonic
crystal fiber (PCF)–based optical sensor
for blood component detection in
Terahertz spectrum. Brazilian Journal of
Physics. 2021;51:1017-1025

123

Terahertz Sensing Based on Photonic Crystal Fibers
DOI: http://dx.doi.org/10.5772/intechopen.101732





125

Section 3

Terahertz Optoelectronic 
Technology





127

Chapter 7

Optical Heterodyne Measurement 
of Terahertz Wave
Shin’ichiro Hayashi and Norihiko Sekine

Abstract

One of the most notable frequency regions in terms of research currently lies 
in the ‘frequency gap’ region between microwaves and infrared: terahertz wave. 
Although new methods for generating and detecting terahertz wave have been 
developed, few detectors operating at room temperature are able to capture low-
energy terahertz beams. Here we introduce the optical heterodyne measurement 
(nonlinear frequency up-conversion detection) of terahertz wave using parametric 
wavelength conversion in a nonlinear crystal; this has better sensitivity than many 
commonly used thermal detectors such as pyroelectric detectors. Additionally, opti-
cal heterodyne techniques allow the beams of terahertz wave to be visualized and 
their frequency and intensity determined directly as visible light. These are very 
promising for extending applied researches into the terahertz region, and we expect 
that these will open new research fields such as wireless information communica-
tions or non-destructive inspection in the terahertz region.

Keywords: terahertz wave, nonlinear optics, parametric wavelength conversion

1. Introduction

Terahertz (10^12 Hz) wave region are important not only in the basic sciences, 
such as molecular optics, molecular spectroscopy, electron acceleration, plasma 
measurement, and radio astronomy, but also in numerous applications, such as 
broadband wireless information communication, non-destructive inspection, high 
precision radar, and global environmental measurement, since they have higher 
directivity in the atmosphere than microwaves and higher transmittances in soft 
materials than infrared. Therefore, sensitive, wideband, coherent detectors for 
terahertz wave that could be widely used in such applications are required. The tera-
hertz wave region is relatively unexplored because of the lack of the commercially 
available sources, detectors, and optics which have resulted in what is known as the 
frequency gap [1–3]. Over the past two decades, there has been remarkable growth 
in the fields of science and engineering using terahertz wave region, which has 
become a vibrant, international, cross-disciplinary research activity [4]. An effec-
tive method for generating and detecting coherent terahertz waves is wavelength 
conversion in nonlinear optical materials owing to the high conversion efficiency, 
wide bandwidth, and room-temperature operation. The large figure of merit 
(FOM) of LiNbO3 at room temperature makes this well-known nonlinear crystal 
ideal for such applications; terahertz wave parametric generation and detection 
in LiNbO3 are realized by stimulated polariton scattering via transverse optical 
phonons [5–10]. In this paper, we introduce the measurement method of terahertz 
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wave by up-conversion. Terahertz wave is generally measured using thermal detec-
tors, such as Si-bolometers, pyroelectric detectors or Gollay cells. Although these 
detectors can measure the average power, the frequency and the phase information 
are lost. Furthermore, high sensitivity bolometers require ultralow temperature 
and show slow response. Thus, there is a critical need for frequency and phase 
measurements, sensitive and fast detectors that work at room temperature, so that 
terahertz-wave can be used more widely in a variety of important applications.

2. Terahertz wave parametric wavelength conversion

When a strong electric field, such as that of a Q-switched laser pulse, is incident 
upon a nonlinear optical crystal, the transverse photon and phonon wave fields 
become coupled and behave as new mixed photon–phonon states, called polaritons. 
Broadband terahertz wave generation results from efficient parametric wavelength 
conversion of laser beam via polaritons [5, 6]. The polaritons exhibit phonon-like 
behavior in the resonant frequency region (near the transverse optical (TO)-
phonon frequency ωTO), however, they behave like photons in the non-resonant 
low-frequency region, as shown in Figure 1. Detecting terahertz wave can be 
achieved by injecting a “seed” for the broadband terahertz wave. Spectroscopic 
measurement is accomplished simply by observing the propagation direction of 
idler beams depending on the angle between the incident pumping beam and the 
wavelength of the seeding terahertz wave. In the parametric wavelength conversion 
process, a photon of terahertz wave and a photon of near-infrared idler beam are 
created parametrically from a photon of near-infrared pumping beam, according 
to the energy conservation law ωp = ωT + ωi (where ω indicates frequency, and p, 
T, and i denote the pumping beam, terahertz wave, and idler beam, respectively) 
and the momentum conservation law kp = ki + kT (noncollinear phase-matching 
condition). This condition leads to the angle-dispersive characteristics of the idler 
beams and the terahertz waves. Thus, broadband terahertz waves can be detected 
depending on the phase-matching angle, as shown in Figure 2.

Figure 1. 
Dispersion relation of the polariton.



129

Optical Heterodyne Measurement of Terahertz Wave
DOI: http://dx.doi.org/10.5772/intechopen.99168

In our experiment, we used LiNbO3 as nonlinear crystals. The bandwidth of the 
terahertz wave parametric wavelength conversion is decided by the parametric gain 
and absorption coefficients in the terahertz region. Figure 3 shows the calculated 
gain and the absorption coefficient at the pumping intensity of 0.1, 0.2, 0.4, 0.8, 
1.6, and 3.2 GW/cm2 [11]. As the intensity of pumping beam increases, the gain 
coefficient also increases in whole frequency region, and peak of the gain curve 
moves towards higher frequencies. All gain curves have a broad bandwidth with a 
dip appearing at around 2.6 THz because the low frequency modes of doped MgO 
in the LiNbO3 work as a crystal lattice defects. The effective parametric gain curve 
depends on the pumping beam intensity and diameter in noncollinear phase-
matching conditions. The idler and terahertz wave are parametrically amplified 
while propagating coaxially with respect to the pumping wave.

Figure 2. 
Noncollinear phase-matching condition.

Figure 3. 
Calculated gain and absorption coefficient using MgO:LiNbO3 pumped by Nd:YAG laser for several pumping 
intensities, 0.1, 0.2, 0.4, 0.8, 1.6, and 3.2 GW/cm2.
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3. Experiment

The experimental apparatus for terahertz wave spectroscopic measurement 
shown in Figure 4 consists of a nonlinear crystal (MgO:LiNbO3) with a Silicon 
prism and a laser beam visualizer. The terahertz wave was focused onto the 
MgO:LiNbO3 crystal via Silicon prism input coupler. The incident angle between the 
terahertz wave and the pumping beam from Nd:YAG based MOPA system satisfies 
the noncollinear phase-matching conditions in the MgO:LiNbO3 crystal. Mixing 
the pumping beam with the incident terahertz wave created a seeded, up-converted 
(difference-frequency) signal, which was parametrically amplified by the optical 
parametric amplifier in the MgO:LiNbO3. The up-converted signals were visualized 
using an infrared laser visualizer (10VIZ-35, Standa Corp.) as visible lights; the 
frequency and intensity was determined from the position and the intensity.

Figure 5 shows pictures of the up-converted signals on the laser beam visual-
izer when the input frequency of terahertz wave of 1.0, 1.3, 1.6, 1.9 and 2.2 THz. 
The scales at the bottom show the calculated distance from the pumping beam. 
The position and the intensity of the up-converted signal depend on the frequency 
and the energy of the input terahertz wave respectively. As the frequency of the 
input terahertz wave increases, the position depending on noncollinear phase-
matching angle between the pumping beam and up-converted beam also increases, 

Figure 4. 
Experimental apparatus for terahertz wave spectroscopic measurement.
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which shifts the position of up-converted beam. The energy of up-converted beam 
also depends on the intensity of input terahertz wave, which changes the intensity 
of the light spot. These make it easy to identify the frequency and intensity of the 
input terahertz wave from the position and intensity of the up-converted signal. 
This is in good agreement with the calculation.

Figure 6 shows the input (terahertz wave) – output (up-converted beam) char-
acteristics of optical heterodyne at 1.8 THz when the pumping energy was 10 mJ/
pulse. Horizontal axis is input energy of terahertz waves, vertical axis is output 
energy of the up-converted signals. These colors in the figure represent operating 
ranges of thermal detectors. The green represents pyroelectric detector at room 
temperature. The orange represents standard 4 K Si-bolometer. As the input energy 
of terahertz wave was decreased, the output energy of up-converted signal was also 

Figure 5. 
Pictures of the up-converted signals on the laser beam visualizer when the input frequency of terahertz wave of 
1.0, 1.3, 1.6, 1.9 and 2.2 THz.

Figure 6. 
Output energy of up-converted signals as a function of the input energy of the terahertz wave.
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decreased. The maximum energy of up-converted signal was >1 mJ/pulse when the 
input energy of terahertz-wave was ~1 μJ/pulse. This is easily visualized by laser 
beam visualizer. The minimum detectable energy of terahertz-wave was less than 
100 aJ/pulse. This has higher sensitivity than standard 4 K Si-bolometer. Further, 
dynamic range reached more than 100 dB.

Figure 7 shows our experimental setup for phase measurement. We used an injec-
tion seeded parametric generator (is-TPG) as a terahertz wave source. The terahertz 
wave from an is-TPG was collimated, passed through a delay line (a rooftop mirror on 
a mechanical stage). The terahertz wave separated by a wire grid polarizer focused 
to the MgO:LiNbO3 crystal for up-conversion detection. The incident angle between 
the pumping beam, the seeded idler beam, and the input terahertz wave satisfy the 
noncollinear phase-matching conditions in the MgO:LiNbO3 crystal. Mixing the 
intense pumping beam and the seeded idler beam with the terahertz wave created an 
up-converted signal. In this case, the intensity of up-converted signal depends on the 
phase difference between the seeded idler beam and the terahertz wave.

Figure 8 shows the energy of up-converted signals as a function of path length 
difference between the terahertz wave and the seeded idler wave when the input 
energy of the pumping beam, the terahertz wave and the idler beam were 10 mJ/
pulse, 1 μJ/pulse and 1 μJ/pulse, respectively. As the optical pass length difference 
increases, we observed blinking of up-converted signals due to the interference 
between the seeded idler beam and the terahertz wave. The intervals of fringe 
represent the wavelength of input terahertz-wave. The observed intervals of fringe 
corresponding to the wavelength of terahertz wave are 200 μm. These show excel-
lent agreement with the wavelength of input terahertz wave from the is-TPG.

Figure 7. 
Experimental apparatus for terahertz wave phase measurement.
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4. Conclusion

We have introduced here spectroscopic, sensitive, coherent, wideband terahertz 
wave optical heterodyne detection via wavelength conversion in MgO:LiNbO3. 
The coherent detection is very important for the calibration of terahertz wave 
frequency. In general, the radiation frequency calibration is based on absorption 
lines of molecular gases as a traceable standard, but there is no radiation frequency 
standard in the terahertz region [12]. In the case, the spectroscopic information of 
terahertz wave is measured by well-developed optical measurement methods as 
a traceable standard. Under the experimental conditions, the observed minimum 
energy of terahertz wave is less than 100 aJ/pulse. This is much higher sensitivity 
than many cryogenic thermal detectors. Furthermore, the sensitivity depending 
on parametric gain of the terahertz wave in LiNbO3 could be higher by cooling the 
crystal [13]. The conversion efficiency improves by a factor of at least ten at liquid 
nitrogen temperatures. The sensitive detection of terahertz wave is also essential 
for many applications. A number of applications require sensitive, spectroscopic 
and wideband terahertz wave detector such as wireless communication and non-
destructive inspection. In the future, we will endeavor to produce high sensitivity 
and wide bands for applied researches. This system could be powerful tools not only 
for solving fundamental physics but also real world problems such as manipulation 
or alteration of atoms, molecules, chemical materials, proteins, cells, chemical 
reactions, and biological processes, and real-time spectroscopic imaging, remote 
sensing, 3D-fabrication.
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Chapter 8

A Novel Approach for
Room-Temperature Intersubband
Transition in GaN HEMT for
Terahertz Applications
Rakesh Kaneriya, Gunjan Rastogi, Palash Basu,
Rajesh Upadhyay and Apurba Bhattacharya

Abstract

Terahertz (THz) technology has attracted tremendous attention recently due to
its promising applications in various domains such as medical, biological, industrial
imaging, broadband, safety, communication, radar, space science, and so on. Due to
non-availability of powerful sources and highly sensitive and efficient detectors, the
so-called THz gap remains largely unfilled. Despite seamless efforts from electronics
and photonics technology researchers, the desired level of technology development to
fill the THz gap still remains a challenge. GaN-based HEMT structures have been
investigated as potential THz sources and detectors by a number of researchers. This
chapter presents a very new and versatile mechanism for electrical tuning of
intersubband transitions (ISBT) GaN high electron mobility transition (HEMT)
devices. ISBT phenomena are usually demonstrated in photonic devices like a quan-
tum cascade laser (QCL). Here we explore ISBT in an electronic GaN HEMT device.
Conventional photonic devices like a QCL are operated at cryogenic temperature to
minimize thermal effect. Tuning the conduction band through external gate bias is an
advantage of an HEMT device for room temperature (RT) THz applications. This
chapter demonstrates the theoretical and experimental novel ISBT phenomenon in
GaN HEMT is for potential ambient applications in the THz range.

Keywords: GaN HEMT, terahertz device, Intersubband transition, Plasmonic
Metamaterials, quantum well

1. Introduction

Terahertz (THz) radiation is a small portion of the electromagnetic spectrum
lying between the microwave and infrared regions. There is no precise range defin-
ing THz band, but it is most often –considered as frequencies in the range of 0.3–3.0
THz. Although sometimes it refers to 0.1–10 THz as well. The THz spectral range
has drawn tremendous attention recently due to its promising applications in vari-
ous domains. For example, in the field of biomedicine, THz radiation has been
explored to detect various biomaterials like nucleic acids, proteins, cells and tissue
applications [1, 2]. In the field of medical applications, the THz system has been
demonstrated as a highly effective technique in cancer imaging, particularly for skin
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cancer [3, 4]. A portable real-time THz imaging system could be used to assist early
detection of diseases during routine health checkups. Since many non-metallic, non-
polar materials are transparent to THz radiation, scanning of humans is feasible with
no health hazards. Due to this, THz radiation is widely used for security and public
safety applications. THz radiation can detect concealed weapons, explosives (e.g., C-
4, HMX, RDX and TNT), illicit drugs (e.g., methamphetamine and heroin), and more
[1]. THz imaging has become a valuable characterization tool for non-destructive
testing, process control and quality inspection for inspection of silicon solar cells,
nanocomposites, polymer films and dielectric films [1, 5, 6]. Space- and ground-based
THz instruments have been explored significantly in the field of astronomy. For
example, the THz system is extensively used to study the origin of the universe,
formation of stars and galaxies, composition of planets and planetary atmospheres,
the climate and environmental balance of our planet Earth, and more [7, 8].

Despite these tremendous potential applications, the so-called THz Gap is not
fulfilled to the required level due to technology requirements of high-power sources
and efficient and sensitive detectors in the THz range. Semiconductor devices and
circuits like transistor and frequency multipliers work well towards the low end of
THz frequency, but their power level drops off precipitously as the frequency
increases. These devices can be operated up to �1 THz with very low power.
Conversely, semiconductor photonic devices like lasers can be utilized in the high-
frequency THz range. Again, lasers are limited due to the non-availability of lower
bandgap semiconductor materials towards low-frequency THz. The THz quantum
cascade lasers (QCLs) showed promising results to fill this THz gap from 1 to 10
THz. However, QCLs required bulky cooling requirements, and reported maximum
operating temperature is in the range of 150–200 K, which is too low for general
applications [9, 10]. The demand for a compact, efficient and high-speed THz
detector and source operating at room temperature has increased drastically. The
non-availability of a room-temperature THz source and detector is a prime limita-
tion of the modern THz system.

In this chapter, novel theoretical models and experimental techniques for the
intersubband transitions (ISBT) phenomenon are illustrated for ambient THz appli-
cations. Section 2 covers the theoretical models and simulations based upon plasmonic
metamaterials-assisted ISBT and describes the GaN HEMT response towards the THz
spectrum. Section 3 covers the fabrication and measurement of a GaN HEMT device.
Section 4 is investigates ambient temperature ISBT in a GaN HEMT device.

2. Theoretical modeling and simulation strategy

In this section, we present our theoretical model based on ISBT, metamaterial and
plasmonic phenomena for GaN HEMT THz applications [11–13]. We proposed a
combined plasmonic and metamaterial-driven ISBT phenomenon as one of the possi-
ble modes that can extend GaN HEMT operating frequency well beyond its present
cut-off frequency to the THz band. ISBT is the prime mechanism to explore as a
potential mechanism for THz operation, while metamaterial and plasmonic effects
improve the strength of ISBT in a GaN HEMT structure. Theoretical modeling started
with the role of polarization in a wurtzite semiconductor followed by the self-
consistent solution of Schrodinger and Poisson equations; k.p model and Fermi
Golden rule are used to compute ISBT in the GaN HEMT structure. The size and
geometry of an HEMT device act as THz metamaterial (this concept is explored in-
depth in Section 2.4) and it couples THz radiation to two-dimensional electron gas
(2DEG) inside a triangular quantum well. Further, very small gate lengths in the
range of 100–250 nm are selected for high-frequency operation of HEMT. This fine
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nanometric-sized gate structure of HEMT excites surface plasmon waves at the inter-
face between the gate metallic contact and 2DEG channel in the GaN heterostructure
(this concept is explored in-depth in Section 2.5). These combinations (i.e., plasmonic
metamaterial-assisted ISBT) govern the THz response of the GaN HEMT device.

2.1 GaN heterostructure and device description

GaN heterostructure is generally grown on sapphire or silicon carbide (SiC)
substrate. Figure 1(a) shows the most widely used GaN heterostructure, which
consists of a 60-nm AlN nucleation layer, 2-μm thick undoped GaN layer, 1-nm AlN
spacer layer, 20 nm-undoped Al0.3Ga0.7N barrier layer, and 3-nm Si3N4 passivation
layer. Introducing a thin 1-nm AlN interlayer between AlGaN and GaN plays a
crucial role. Better carrier confinement, reduced alloy scattering and enhanced
conductivity are achieved by inserting a thin AlN layer [14, 15]. The cross-sectional
view of the simulated GaN HEMT device by Silvaco TCAD is shown in Figure 1(b).
Computation mesh to simulate the device structure is shown in Figure 1(c). In the
regions beneath the gate, at the edges of the source and drain contacts and at the
AlGaN/AlN/GaN interface, fine meshing is done to achieve the convergence and
accuracy of the calculations. The spacing between different electrodes, namely,
source to gate, gate to drain and source to drain are set to 0.9, 2.0 and 3.0 μm,
respectively. Gate length is kept as 100 nm. To obtain lower gate resistance, gate
geometry is selected as T-gate in simulation as well as in fabrication.

Generally, high-power RF GaN HEMT is fabricated in a multi-finger configura-
tion. Two ground-source-ground (GSG) configurations are shown in Figure 2:
2 � 150 and 8 � 150. To measure the RF performance of the device GSG configura-
tion is widely used for HEMT fabrication. The 2 � 150 configuration contains two
gate fingers with 150-micron unit gate width of the device. Similarly, the 8 � 150
configuration contains eight gate fingers with 150-micron unit gate width. To expand
the device length for high-power applications, a greater number of gate fingers are
used. For example, if the power handling capability of the fabricated GaN HEMT is
5W/mm, the 2� 150 = 0.3-mm device can be used for 1.5W RF power. Similarly, the
8 � 150 = 1.2-mm device can be used for 6.0 W RF power. Before further discussion
on plasmonic metamaterial-assisted ISBT, the following section refreshes some fun-
damentals about polarization in III-N (nitride) semiconductors.

2.2 Polarization in GaN heterostructure

The nitride semiconductor materials exhibit inherent polarization properties.
Having the large ionicity of the nitride bond (Ga–N, Al–N, In–N, etc.), it possesses a

Figure 1.
(a) GaN Heterostructure, (b) HEMT cross-sectional view and (c) HEMT mesh structure (reprinted with
permission from Ref. [12]).
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piezoelectric polarization (PPE) component, while the absence of the center of
inversion symmetry and uniaxial nature of the crystal structure produces sponta-
neous polarization (PSP). Total polarization (PT) in the nitride semiconductor
heterostructure is a combination of spontaneous polarization (PSP) and piezoelec-
tric polarization (PPE), as shown in Eq. (1).

PT ¼ PSP þ PPE (1)

Furthermore, the strain-induced effect at the interface between two nitride
semiconductors enhances piezoelectric polarization in the heterostructure. Piezo-
electric polarization of the crystal is generally defined in terms of strain (ɛ) and
stress (σ) components. Stress and strain are correlated in a crystal by elastic coeffi-
cient ɛij = Cij σij. The piezoelectric polarization in heterostructure grown along the
z-axis (0001) is given by,

PPE ¼ E33ɛz þ E31 ɛx þ ɛy
� �

(2)

where E33, and E31 are piezoelectric coefficients, and ɛx, ɛy and ɛz are strain in x,
y and z-directions, respectively. The crystal edge length and height are represented
as a0 and c0 respectively in a hexagonal crystal lattice. The strain along the x, y
and z-axis is given by (in-plane strain along x-axis and y-axis are assumed to be
isotropic),

ɛz ¼ c� c0
c0

, ɛx ¼ ɛy ¼ a� a0
a0

(3)

where a0 and c0 are the equilibrium or unstrained values of lattice constants and
a and c are the strain lattice constant due to growth of heterostructure. For hexag-
onal lattice crystal, the strain components along ɛz and ɛx are related with elastic
coefficients as per the following equation,

ɛz ¼ �2
c13
c33

ɛx,
c� c0
c0

¼ �2
c13
c33

a� a0
a0

(4)

where C13 and C33 are the elastic constants. Substituting Eqs. (3) and (4) in
Eq. (2),

Figure 2.
Typical configurations of GaNHEMT(a) 2 gate fingers with 150micron gate width (2� 150) (zoom image for gate
fingers visualization and (b) 8 gate fingers with 150micron gate width (8� 150). Representation 3.0/0.10/8/150
indicates source to drain distance 3.0 μm, 0.1 μm (100 nm) gate length, 8 fingers device with 150 μm gatewidth.
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PPE ¼ 2
a� a0
a0

E31 � E33
c13
c33

� �
(5)

The macroscopic piezoelectric polarization is defined by variations of the lattice
constants a and c. The microscopic piezoelectric polarization is expressed in terms
of an internal parameter u, defined as the anion–cation bond length along the z-axis
(0001) [16]. Substituting elastic constant values for AlN and GaN in Eq. (5), one
gets piezoelectric polarization of AlN greater than GaN. Spontaneous polarization
closely depends upon crystal structure c/a ratio. The ideal c/a ratio in the hexagonal,
closed-pack crystal structure is 1.633. The spontaneous polarization is found to be
greater in actual crystal structures as the c/a ratio is different from its ideal value
[16]. This nonideality of c/a ratio in AlN is also greater than GaN, which leads the
greater spontaneous polarization. The spontaneous and piezoelectric polarization
for alloy (i.e., AlGaN) is obtained by linear interpolation of the binary constituents
(Vegard’s law). In summary, the spontaneous and piezoelectric polarizations for
AlGaN over the whole range of compositions are larger than that of a GaN buffer
layer.

The polarization-induced charge density and sheet density in the
heterostructure is given by,

ρ ¼ �∇∗P (6)

σ ¼ PT Layer1ð Þ � PT Layer2ð Þ

σ ¼ PSP Layer1ð Þ þ PPE Layer1ð Þ
� �� PSP Layer2ð Þ þ PPE Layer2ð Þ

� �
(7)

The polarization-induced charge density and sheet density for the case of
AlGaN/GaN heterostructure is given by,

σ ¼ PSP GaNð Þ þ PPE GaNð Þ
� �� PSP AlGaNð Þ þ PPE AlGaNð Þ

� �
(8)

Extracted 2DEG concentration, purely due to polarization effects, is the order of
�1013 cm�2 for nitride heterostructures. Unlike GaAs MODFET heterostructures,
no doping is required in nitride heterostructures to generate 2DEG concentration,
which is a great advantage of these structures.

The basic equations of physical processes are solved for every grid point in the
simulation. These equations include Poisson’s equation, continuity equations and
transport equations, derived from Maxwell’s equations [17]. The computation of
2DEG properties due to spontaneous and piezoelectric polarization effects is
performed using a polarization model [18, 19]. An induced, strong polarization field
is introduced to calculate band diagrams. To increase the reliability of simulation,
measurement-based ohmic contact resistance and Schottky barrier height data were
incorporated in the simulation to define source, drain and gate contacts. A low field
mobility model is used to account for the temperature-dependent drift of electrons
and holes separately [20]. The Shockley–Read–Hall recombination model is used to
estimate the statistics of holes and electrons as well as their recombination rate. The
traps/defects in the heterostructure play a crucial role in the performance of GaN
devices. Accordingly, we also introduced interface traps energy level and density in
the modeling. Output results were extracted by solving the basic equations for every
grid point with the different biasing conditions. The variation of the drain current
with respect to applied drain (Vd) and gate (Vg) biasing voltage is plotted in
Figure 3. The simulated output characteristics (Id-Vd) and transfer characteristics
(Id-Vg) are shown in Figure 3(a) and (b), respectively. The extracted transcon-
ductance is >350 mS/mm as shown in Figure 3(c). The extracted capacitance-gate
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voltage (Vg) and 2DEG density with applied gate bias are depicted in Figure 4(a)
and (b), respectively.

The current gain cutoff frequency (ft) and maximum frequency of oscillations
(fmax) are the two most pertinent parameters for high-speed device application. ft
and fmax are extracted from small signal RF simulation. Current gain (h21) and
maximum available power gain (Ga) are simulated at bias conditions Vds = 7 V and
Vgs = �1.5 V and plotted with respect to frequency in Figure 5. A summary of
simulated DC and RF device parameters is given in Table 1 that closely matches the
corresponding process design kit (PDK) datasheet of renowned international GaN
foundries.

The cutoff frequency of field effect transistor (FET) including HEMT is defined
by f T ¼ υ=2πL ¼ 1=2πτ, where υ is carrier velocity, L is gate length and τ is electron
transit time under the gate. For very small gate length of 30 nm, up to 300–350 GHz
cut-off frequency operation has been demonstrated [21]. However, beyond con-
ventional transit-time limitations, these FET devices can be operated at much
higher frequencies up to THz. Dyakonov–Shur proposed the plasma wave theory to
describe THz behavior in FET devices [22, 23]. The basis of plasma wave theory is
the instability of 2DEG, which has a resonant response to incident electromagnetic
radiation in short-channel FET. The size and shape of the FET channel are used to
govern the resonant response of plasma frequency to electromagnetic radiation. The
tuning of plasmon frequency by external biasing has been used for detectors,
mixers and multipliers [23]. There are several reports available in which the plasma
wave theory is used to describe the THz behavior of devices. The plasma wave
theory concept has been widely demonstrated in conventional semiconductors like
Si [24], GaAs [22], GaN [25], and InP [26] as well as in new two-dimensional

Figure 3.
(a) Output characteristics (id-Vd), (b) transfer characteristics (id-Vg) and (c) Transconductance of the
simulated device (reprinted with permission from Ref. [11]).

Figure 4.
Extracted (a) CV profile and (b) 2DEG profile with applied gate voltage (reprinted with permission from
Ref. [12]).
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materials systems like graphene [27], black phosphorus [28], and more. There are a
few papers available in which a working GaN HEMT mechanism is explained
through plasma wave theory [25, 29–32]. Based on our simulation and experimental
investigations, we have demonstrated for the first time that an ISBT mechanism, in
addition to established plasma wave theory, can describe the THz behavior of a GaN
HEMT device. ISBT theory is based on carrier transitions within a conduction band,
which is entirely different from plasma wave theory. The fundamentals of this
theory are explained below.

2.3 Quantum confinement in GaN heterostructure

The interaction between photons and electrons in the semiconductor can be
expressed by the Hamiltonian,

H ¼ 1
2m0

p� eAð Þ2 þ V rð Þ (9)

where mo is the free electron mass, V(r) is the periodic crystal potential (in the
present case it is the triangular potential function given by, V(z) = eFz), e is charge

Simulated result

Idss (A/mm) 0.995

Vknee (V) 5

Ron (ohm*mm) 3.5

Vth (V) �3.0

gm (mS/mm) 384

ft (GHz) 110

fmax (GHz) 180

Table 1.
Summary of extracted DC and RF device parameters.

Figure 5.
Current gain and power gain of the simulated device (reprinted with permission from Ref. [11]).
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of electron, Fz is electric field, and A is vector potential of applied electromagnetic
field. Hamilton can be expanded into,

H ¼ p2

2m0
þ V rð Þ � e

2m0
p:Aþ A:pð Þ þ e2A2

2m0
(10)

H≈H0 þH0

Here H0 is unperturbed Hamiltonian and H0 is perturbed Hamiltonian due to the
interaction of the electromagnetic wave.

Consideration of the strain effects for extraction of effective-mass Hamiltonian
is of prime importance for wurtzite semiconductors. This Hamiltonian is used to
derive the electronic band structures of bulk and quantum-well wurtzite semicon-
ductors. Kane’s model is applied to derive the band-edge energies and the optical
momentum-matrix elements for strained wurtzite semiconductors. We then derive
the effective-mass Hamiltonian by using the k.p perturbation theory. The devel-
oped k.p model is applied to our heterostructures structures, especially quantum
well via the envelope function approximation (EFA) method [33, 34]. An envelope
function model is derived for electrons in a semiconductor heterostructure. The
materials-dependent Hamiltonian extraction by EFA method is most suitable for
abrupt semiconductor junction [35]. The finite element method [36] is used to solve
the coupled multi-band Schrödinger Poison’s equation [37] numerically.

Under triangular quantumwell, the solutionof thewave function is givenby [38, 39],

Ψ zð Þ ¼ Ai
2mz

∗ eFz

ℏ2 z� Ei

eFz

� �� �
(11)

where mz* is the effective mass of electron in the GaN, Fz is the electric field in
the z-direction, Ei is the eigenvalues of energy with i = 0,1,2,… . for the ground
state, 1st excited state and so on. Airy (Ai) function is given by

Ai zð Þ ¼ 1
π

ð∞
0
cos

t3

3
þ zt

� �
dt

The eigen value is given by [37, 38],

Ei ≈
ℏ2

2mz
∗

� �1=3
3πeFz

2
iþ 3

4

� �� �2=3
(12)

When an incident THz radiation illuminates the GaN HEMT, electrons may
absorb the photon energy and jump to a higher energy subband. Carriers below
Fermi energy levels were collected by drain electrode when we applied voltage
between source and drain. Using Fermi’s golden rule for the transition from i state
to j state, we can calculate the absorption coefficient by [34, 40],

Wij ¼ 2π
ℏ

<Ψ i∣H0∣Ψ j > 2δ E j � Ei � ℏω
� �

where H0 is interaction Hamiltonian as per Eq. (10).
By applying the dipole approximation, we obtain [34, 40],

Wij ¼ 2π
ℏ

e2E0
2

4mz
2ω2 < i∣e:p∣j> 2δ E j � Ei � ℏω

� �
(13)
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The matrix element in the above equation can be expanded in terms of interband
and ISBT as follows,

< i e:pj jf > ¼ e:< uv pj juv0 > < f n∣ f n0 > þ e:< uv∣uv0 > < f n pj j f n0 >

Applying the envelope function matrix element in the z-direction can be written as

< i pz
�� ��j> ¼

ð
Ψ ∗

i zð ÞpzΨ j zð Þdz

The dimensionless optical field strength between the two-energy state is given
by [33, 38],

f ij ¼
2

mz
∗ℏωij

< i pz
�� ��j> 2 ¼ 2m0

∗ωij

ℏ
< i zj jj> 2 (14)

where ωij ¼ E j � Ei
� �

=2
<i/z/j > can be expressed as,

< i zj jj> ¼ zji ¼ 2L

ti � t j
� �2 (15)

with, ti and L are electric length expressed as,

ti ¼ 3Π
2

iþ 3
4

� �� �2=3
(16)

L ¼ ℏ2

2mz
∗ eFz

� �3

(17)

By substituting Eqs. (15)–(17) in Eq. (14) we get,

f ij ¼
8:32

ti � t j
� �4

Π
2

� �2=3

jþ 3
4

� �2=3

� iþ 3
4

� �2=3
" #

(18)

By substituting i = 0 and j = 1,2,3,… oscillation strength for transition can be
calculated as f01 = 0.73, f02 = 0.12, f03 = 0.045, and so on. The oscillator strength of
all the transitions is sum up to 1. Calculated transition indicates that the probability
for higher-level transitions is very weak.

The gradual pinning of Fermi level inside the quantum well is possible by
increasing gate voltage. When gate voltage is sufficiently negative (0 > Vt > Vg),
the conduction band is above the Fermi level. In this case, the channel is completely
depleted of 2DEG. When the gate voltage is greater than the threshold voltage
(Vg > Vt), charges start filling the channel. As the gate voltage increases, the Fermi
level gradually pins inside the quantum well and 2DEG carriers are filled among
allowed subbands in the channel. When gate voltage is sufficiently higher
(Vg > 0 > Vt), the carrier occupies all allowed subband below the Fermi energy
level. For this case, total 2DEG charges are distributed in the allowed energy
subband and take participation in channel conduction. The triangular quantum-well
conduction band energy profile for GaN HEMT with different gate biasing
conditions is shown in Figure 6(a). Fermi energy level pinning inside the
subbands of triangular quantum well with different applied gate biasing is shown in
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Figure 6(b)–(d). The spacing and charge filing inside the subband strongly
depends upon gate-biasing voltage. In other words, the gate biasing-assisted tuning
of intersubband resonance (ISR) frequency is possible in the HEMT structure.

In the simulation, we extracted up to four ISB energy levels inside the triangular
quantum well. The ISR frequency as a function of applied gate-biasing field is
calculated using Eq. (12) and by solving self-consistency Schrodinger–Poison solver
for different gate-biasing voltage. The same are shown in Figure 7(a) and (b). The
ISB tuning is one order higher in asymmetric triangular well potential as compared
to the conventional square well potential. Moreover, 2DEG carrier concentration
inside the GaN HEMT channel also depends upon Al composition and AlGaN
barrier layer thickness. Figure 8(a) and (b) show the simulated 2DEG carrier
concentration variation with AlGaN thickness and Al composition, respectively. It
clearly indicates that increment in barrier layer thickness, and Al composition
enhances the 2DEG density inside the channel. It further implies that manipulation
in ISR is possible in GaN HEMT devices based on variation in 2DEG density, which
provide tuning in the THz region.

2.4 Metamaterial-embedded ISBT

The combination of ISBT in semiconductor quantum wells with metamaterials
shows great potential in the THz region [41–47]. There are large numbers of
metamaterial structures that have been employed and demonstrated enhanced per-
formance in the THz region. In the present modeling work, we report that the
standard GSG device geometry of HEMT itself acts as a metamaterial structure. The
enhancement of THz interaction with 2DEG inside the triangular quantum well is

Figure 6.
Conduction band energy profile with different applied gate voltage and Fermi energy level with filled subband
inside triangular quantum well with different applied gate biasing (b) Vg > 0 > Vt, (c) Vg = 0 > Vt and (d)
0 > Vt > Vg (reprinted with permission from Ref. [12]).

Figure 7.
Intersubband resonance frequency as a function of the applied field (a) calculated using Eq. (12), (b) by
solving self-consistency Schrodinger-Poisson solver. (reprinted with permission from Ref. [12]).
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reported for GaN HEMT. The resonance mode in metamaterial structure is dynam-
ically manipulating the carrier distribution inside the quantum well.

For the metamaterial modeling work, the GaN heterostructure and device
geometry are kept identical, as shown in Figure 1. A finite difference frequency
domain CST Microwave Studio simulator has been used to simulate the entire
device configuration, which acts as THz metamaterial. Standard GSG configuration
along with 50- to 150-micron gate width has been used for 3D electromagnetic
modeling as shown in Figure 9(a)–(c). Very fine localized tetrahedral sub-meshing
has been used in the active source to drain region to enhance the accuracy of
calculations as shown in Figure 9(d). THz radiation (0.3–3 THz) is illuminated on
the entire GSG device configuration, which includes the active GaN HEMT region
as well. Table 2 shows the dimensions used in 3D EM simulation work. Three
different geometries, 2 � 50, 2 � 100 and 2 � 150, have been used in the present
study. The E-field of the incident THz plane wave is kept at 1 V/m for all three
devices.

The wavelength corresponding to the entire THz spectrum (0.3 to 10 THz) is
about 30–1000 micron. If the device dimension is of the order of incident radiation,
it acts as an antenna. Antenna size and shape largely determine the frequency it can
handle. Antenna-coupled THz source and detector show a potential advantage in
the performance of devices for the THz region [48–52]. The dimensions of the
devices as listed in Table 2 are of the order of illuminated THz radiation wave-
length. These devices act as antennas, which leads to convergence of incident
radiations towards the active channel region. The resultant electric field intensity
inside the active channel region between source and drain is greatly enhanced. The
enhancement of the field due to illumination strongly depends on the frequency of
incident radiation and device dimension. For example, the electric field intensity
distribution for 0.4 THz incident radiation is shown in Figure 10 (a)–(c) for three
different GaN HEMT devices. Each device structure has a unique resonance
response towards incident THz radiation. Similarly, the resonance response of a 2 �
100 GaN HEMT device towards incident THz radiations, namely 0.3, 0.7 and 1.75
THz, is shown in Figure 10(d)–(f). Moreover, the illumination-dependent
enhancement of the field is not distributed uniformly throughout the channel. The
highest field distribution found at the center of a 2 � 100 device for 1.75 THz
illuminations is shown in Figure 10(f). The summary for average field enhance-
ment inside the channel region due to illumination is illustrated in Figure 11. The
GaN HEMT device itself acts as metamaterial, which further influences the overall
THz performance of the GaN HEMT device.

Figure 8.
2DEG carrier concentration of AlGaN/AlN/GaN heterostructure for (a) different AlGaN thickness, (b)
different Al composition in AlGaN layer (reprinted with permission from Ref. [12]).
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2.5 Plasmonic-assisted ISBT

A plasmonic nanostructure provides unique opportunities for manipulating
electromagnetic waves in the THz range. Recently many novel plasmonic
nanostructure-based devices such as photoconductor antennas [52, 53], detectors
[31], and plasmonic photomixers [54], QCLs [55] showed significant improvement
in device performance.

For plasmonic structure simulation, the finite element frequency domain
COMSOL Multiphysics numerical method has been used to solve Maxwell’s equa-
tion to predict electromagnetic interaction in each layer of the semiconductor

Device
configuration

Distance between
S and D (μm)

Gate width
(μm)

Gate length
(nm)

Total device dimension
(μm x μm)

Device A (2 x 50) 3.0 50 100 350 x 400

Device B (2 x 100) 3.0 100 100 400 x 400

Device C (2 x 150) 3.0 150 100 450 x 400

Table 2.
Different device configurations used in simulations.

Figure 9.
Three different configuration (a) 2 � 50, (b) 2 � 100 and (c) 2 � 150 of GaN HEMT and (d) GaN HEMT
meshing (reprinted with permission from URSI RCRS 2020, IEEE Xplore).
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heterostructure. Heterostructure stack, device geometry and device structure are
kept identical as used in semiconductor modeling shown in Figure 1. We kept
1 V/m incident plane wave THz radiation from 0.3 to 3 THz to interact with the
GaN heterostructure. The surface plasmon is generated at the interface between
nanometric gate contact and heterostructure.

The field in the vicinity of the fine gate structure is drastically increased due to
surface plasmon generation. Subsequently, the THz incident wave is coupled to
2DEG inside the channel. The concentration of the induced electric field is consid-
erably enhanced in close proximity to the device gate contact electrodes. The
induced electric field is approximately 5.5E+06 on the gate and 8.5E+06 V/m on the
gate edge for 0.4 THz due to plasmonic structure as shown in Figure 12. As the
incident frequency increases, the plasmonic-induced electric field also increases and
saturates towards higher frequency as depicted in Figure 13. It was interesting to
find that the plasmonic-enhanced field (�107 V/m) is approximately one order

Figure 10.
Electrical field enhancement for 0.4 THz incident radiation on (a) 2 � 50, (b) 2 � 100 and (c) 2 � 150 of
GaN HEMT devices. Electrical field enhancement for 2 � 100 GaN HEMT device at (d) 0.3°THz, (e) 0.7°
THz and (f) 1.75°THz incident radiation (reprinted with permission from URSI RCRS 2020, IEEE Xplore).

Figure 11.
Electrical field enhancement due to illumination of terahertz radiation on GaN HEMT devices.
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greater than the externally applied bias field (�104 V/cm = 106 V/m) at the gate
(Figure 7).

The outcome of the entire simulation activities clearly demonstrates GaN HEMT
device operation in the THz range beyond its cut-off frequency. It is also shown that

Figure 12.
Electrical field enhancement for 0.4°THz incident radiation on GaN HEMT device using a finite element
method-based electromagnetic solver (COMSOL).

Figure 13.
Induced electrical field due to terahertz radiation illumination on GaN HEMT device using a finite element
method-based electromagnetic solver (COMSOL).
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overall performance of GaN HEMT is governed by aggregate effects of ISBT,
plasmonic structure and metamaterial behavior.

3. Fabrication and measurement of GaN HEMT devices

In this section we report fabrication and measurement details for experimental
investigation of room-temperature, photon-induced electrical tuning of ISBT in
GaN HEMT, which extends the device operating frequency well beyond its present
cut-off frequency [56]. For sample fabrication, an AlGaN/AlN/GaN-based
heterostructure was grown by metalorganic chemical vapor deposition (MOCVD)
on 6H polytype of silicon carbide (6H-SiC) wafer. The layer sequence, thickness
and composition were kept identical as used in our modeling and simulation work
(Figure 1(a)). A 60-nm aluminum nitride (AlN) nucleation layer was grown on
(0001) the face of a semi-insulating silicon carbide (SI–SiC) wafer. In the MOCVD
growth, unintentionally doped (UID) GaN buffer layer thickness was set to �2 μm.
On the top of the GaN buffer layer, a 1-nm AlN spacer layer followed by an
undoped Al0.3Ga0.7N barrier layer was grown to form a triangular quantum well of
GaN HEMT. A small 3-nm Si3N4 passivation layer was kept as a top protective layer.
For the purpose of characterization of this GaN heterostructure to assess quality and
properties, highly precise standard semiconductor characterization tools like Hall
measurement (nanomagnetic instruments), high-resolution XRD (Bruker D8 Dis-
cover), photoluminescence (PL) system (DongWoo Optron), and others were used.
Room-temperature mobility and 2DEG carrier concentration were measured using
the Hall measurement method. Composition, thickness and lattice constants for
heterostructure materials were extracted using HR-XRD. The growth quality was
evaluated using the PL method.

A standard fabrication process flow as shown in Figure 14 was adopted for GaN
HEMT device fabrication. Device-to-device isolation was performed by MESA

Figure 14.
GaN HEMT fabrication flow along with the cross-sectional view of the device.
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etching using BCl3/Cl2/Ar dry plasma. An inductively coupled plasma-reactive ion
etching (ICP-RIE) system was used for HEMT device isolation. Source-drain spac-
ing was kept at 3.0 micron and electron beam lithography was used for ohmic
contact (source and drain) patterning. Recess etching of the barrier AlGaN layer
was required to fabricate good ohmic contacts. An optimized recessed etching
process was followed to etch �10 nm of the AlGaN layer using BCl3/Cl2/Ar plasma.
During recess, BCl3/Cl2/Ar flow rates were maintained at 20/10/10 SCCM with ICP
power and RF power at 350 W and 60 W, respectively. Post recess, the sample was
dipped in HCl:DI (1:10) for one minute to minimize the impact of oxidation on the
surface. A Ti/Al/Ni/Au (20/210/55/45 nm) lift-off metallization scheme was
selected and deposited by electron beam evaporation for ohmic contact. The sample
was annealed at 870°C for 45 s under N2 atmosphere using rapid thermal annealing
to form the ohmic contact [57]. The ohmic contact resistance was measured using a
standard transmission line model (TLM) with the help of a semiconductor charac-
terization system (Model Keithley 4200). Electron beam lithography was used to
form a mushroom gate contact. A Ni/Au metallization scheme was selected for gate
contact to achieve high Schottky barrier height. A Ni/Au (30/300 nm) stack was
deposited using electron beam evaporation and lift-off technique followed by
annealing at 450°C for 120 s under N2 atmosphere using rapid thermal annealing
system [58]. To address the DC-RF dispersion issue, the Si3N4 passivation layer of
120-nm thickness was deposited using PECVD. Contact pad thickening was formed
by 800-nm Ti/Au deposition to reduced resistive loss. The fabricated GaN HEMT
wafer (1 square inch) having more than 300 GaN HEMT devices is shown in
Figure 15. A sufficient number of variants are kept in fabrication in terms of device
length and number of device fingers for wider statistical data. Device length varies
from 50 to 300 micron (50, 100, 150, 200, 300), while number of fingers varies
from 2 to 12 (2, 4, 6, 8, 10, 12). All devices have a 100-nmmushroom gate structure.
The wafer also contains varieties of process control monitors (PCMs) for ohmic
contact, Schottky contact, short, open and through the structure for RF
measurement.

Current–voltage (IV) measurements on the fabricated sample were performed
using a highly accurate and precise Keithley 4200 source measurement unit (SMU)
inside a vacuum chamber equipped with a Janis probe station and Lakeshore
temperature controller. IV measurements were performed in dark mode

Figure 15.
(a) GaN HEMT fabricated wafer (b) 100°nm 2 � 100 GaN HEMT device (reprinted with permission from
Ref. [56]).

152

Terahertz Technology



(no illumination) and radiation illumination mode to extract the ISBT in fabricated
GaN HEMT devices. 1-mW blue, yellow and red LEDs as well as 300-W halogen
lamp-based perpendicular illumination sources were used in our experiment to
excite the deep-level traps in the GaN HEMT device, while 1-mW broadband
infrared illumination sources like a red laser (630–690 nm), near-infrared (NIR)
LED (650–850 nm) and short-wave infrared (SWIR) LED (1.7–2.1 micron) based
illumination at an oblique angle of incident (AOI) were used to investigate the ISBT
at ambient temperature. Moreover, to confirm the transition is solely dependent
upon the bandgap phenomenon, low-temperature PL and IV measurements were
also carried out. Most devices showed the ambient temperature ISBT, however, we
selected the 2 � 100 device for demonstration.

4. Results and discussion on experimental outcome

Post growth, the GaN heterostructure was extensively evaluated using standard,
highly accurate semiconductor characterization techniques. Table 3 shows the
summary of extracted heterostructure properties using various characterization
techniques. Room-temperature mobility and 2DEG carrier concentration were
found to be 1885 cm2/V.s and 1.1E + 13 cm�2, respectively, using the Hall measure-
ment method. The composition and thickness of the AlGaN barrier layer play
crucial roles in polarization and 2DEG carrier accumulation inside the GaN HEMT.
Thickness of 21 nm and Al composition of 31% were found in the AlGaN barrier
layer against targeted thickness of 20 nm and Al composition of 30%. Ohmic and
Schottky contacts to GaN heterostructures play a vital role in the development of a
GaN HEMT device. Low contact resistance of �0.27 Ω.mm and high barrier height
of �0.72 eV were extracted using IV measurements. Surface traps were present in
the GaN HEMT devices and led to significant degradation of DC and RF perfor-
mance. High-quality Si3N4 surface passivation deposition was used to effectively
reduce surface traps. The improvement in drain current density is about 35 mA/mm
and in RF gain is 4 dB at 10 GHz after Si3N4 deposition, which clearly indicates the
majority of surface traps are saturated after passivation. The saturation drain cur-
rent density (@Vg = 0 V) was measured at �1 A/mm, while cut-off frequency of
�89 GHz was extracted for the fabricated 100-nm GaN HEMT.

FET shows the response towards THz beyond its cutoff frequency even at room
temperature irrespective of semiconductor material systems [22, 24–28]. The
Dyakonov–Shur plasma wave theory [22, 23] classically explains the THz behavior
of the device starting from conventional semiconductors like Si, GaAs, and GaN to
recently developed 2D materials system like graphene, MoS2, WS2, black phospho-
rous, and others. We proposed ISBT transition at ambient temperature as another

Properties AlGaN GaN Measurement method

Thickness 21 nm 2.0 HR-XRD

Composition (%) Al0.31Ga0.69N — HR-XRD

Lattice constant (A°) 5.121 5.185 HR-XRD

Bang gap (eV) — 3.44 PL

2DEG — 1.1E+13 Hall

Mobility (RT) — 1885 Hall

Table 3.
Measured heterostructure properties using standard semiconductor characterization equipment.
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potential mechanism for THz response of the GaN HEMT device. ISBT is demon-
strated using IV measurement of the GaN HEMT device under dark and illuminated
conditions. Usually, IV characteristics are the combination of all possible phenom-
enon in the FET. It is very difficult to distinguish the defects- or traps-assisted
transitions, thermal transitions and ISBTs in the IV characteristics of FET. How-
ever, electrical tuning of ISBT in GaAs HEMT has been demonstrated [59]. There
are three following key challenges involved in supporting the ambient ISBT
mechanism in FET/HEMT.

1.rule out plasma wave mechanism

2.Defects�/traps-based transitions

3.Thermal energy-assisted transitions

4.1 Rule out plasma wave mechanism

The basic physics involved in plasma wave theory is that 2DEG instability in
short-channel HEMTs has a resonant response to incident electromagnetic radia-
tion. The resonance frequency is governed by the size and shape of the channel (i.e.,
the geometrical plasmon frequency). Tuning the plasmon resonant frequency to the
incident THz wave is used for detectors, mixers and multipliers, as the carrier
resonance happens in the THz frequency range only. It is not possible to generate
plasma wave inside the FET channel if the incident radiation has a frequency other
than THz. In other words, if we are using a source other than a THz radiation source
that is capable of inducing the ISBT, the generation of plasma waves can be ruled
out inside the FET/HEMT.

4.2 Defects/traps-based transitions

The deep-level traps- or defects-assisted transitions have been well reported
since the invention of heterostructure [60]. The traps’ energy level and density
depend upon several parameters like heterostructure growth condition, materials
system, and others. Especially in GaN-based wide bandgap semiconductor mate-
rials, the domination of the deep-level traps is even more significant than GaAs
semiconductor material [61]. It is highly difficult to prevent the transitions through
these traps. However, control over traps-based transition is possible, as it shows the
different responses towards the incident radiations. If we are selecting the illumi-
nation source that has the least significance for trap excitation and the most signif-
icance for ISBT, then defects�/traps-assisted transitions can also be also ruled out.

4.3 Thermal energy-assisted transitions

The thermal energy associated at room temperature is �25 mev (� 6 THz),
which is much higher than the spacing between the subband in a quantum well. It is
very difficult to negligible thermal energy contribution. Thermal occupation of
electrons in a higher subband may prevent the observation of ISBT at ambient
temperature [59]. Measurement are done at ambient as well as low temperature in
vacuum condition with a precise and accurate temperature controller to quantified
the thermal transitions. Furthermore, source-measurement units (SMUs) are accu-
rate for detecting very small changes in measurement for dark and illuminated
conditions. The background thermal energy contribution in transitions is equally
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present in both dark and illumination modes, which clearly indicates the presence
of ISBT in the measurement.

In summary, to confirm the transitions solely occurring due to ISB inside the
triangular quantum well of the heterostructure, we used a 1-mW SWIR LED
because it is least significant for trap excitation [62, 63], whereas it is most signifi-
cant for ISBT. Moreover, the use of a SWIR source that is not in the THz frequency
range ensures that the generation of plasma wave inside the channel is not possible.
The blue LED was selected for measuring traps-assisted transitions. Table 4 sum-
marizes the key challenges involved along with possible solutions to confirm room-
temperature ISBT in GaN HEMT.

To excite the deep-level traps in a GaN heterostructure, 1-mW blue, yellow and
red LEDs as well as a 300-W halogen lamp-based perpendicular illumination were
used. It is well proven that as we move from NIR to UV radiations, the trap
excitation becomes more efficient. It is difficult to excite traps larger than 870 nm
[62, 63]. In our experiments, blue LED was found to be more efficient among all
used light sources to excite the deep-level traps. To extract the trap-assisted transi-
tions, a 90-degree AOI under blue LED illumination for 10 min was used. The Id-Vd
characteristics and change in drain current (ΔId) of the 100-nm GaN HEMT with-
out and with illumination are shown in Figure 16(a). Deep-level traps-assisted
transitions increased the drain current up to approximately 24 mA/mm as shown in
Figure 16(b). It was found that after 10 min of illumination, there was no further
significant increase in drain current, which confirms that most traps were saturated
and the equilibrium condition was reached.

Sr. No Discrimination ISBT from
other mechanism

Used excitation source/methods

1 Plasma wave mechanism Non terahertz radiation source

2 Defects/traps induced transition Blue LED

3 Thermal energy contribution Measurement in vacuum, precise temperature control with
highly accurate SMUs
Confirm with low temperature IV and PL

4 ISBT SWIR (1.7–2.1 μm) source

Table 4.
Measurement methods and excitation sources used to confirm ISBT.

Figure 16.
Effect of 90° AO Iillumination with blue LED (a) on id-Vd characteristics of 100 nm GaN HEMT device (b)
change in drain current (reprinted with permission from Ref. [56]).
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Red laser (630–690 nm), NIR LED (650–850 nm) and SWIR LED (1.7–2.1
micron) broadband infrared sources were used in our experiment to investigate
physical phenomena other than plasma wave at ambient temperature. It is noted
that the ISB absorption characteristics were found to be identical for all used IR
sources (red laser, NIR and SWIR LEDs) with the highest absorption found for the
case of SWIR LED.

For ISBT experiments, we selected 1-mW SWIR LED as it is least significant for
trap excitation [62, 63], whereas it is most significant for ISBT. GaN heterostructure
materials have a wide bandgap with lower cut-off wavelengths than the wavelength
of the IR light source, ensuring the transition of the carriers from valance band to
the conduction band is forbidden.

When light is incident perpendicular to the sample surface ISBT cannot be
induced, as the electric field has component only in the quantum-well plane [40].
We illuminated the sample at an oblique angle of incidence to discriminate ISBT
with other transitions. When the sample is illuminated with an oblique angle, IR
radiation interacts with carriers inside the subband of the triangular quantum well
and transitions occur within the conduction band. The Id-Vd characteristics and
change in drain current (ΔId) of the 100-nm GaN HEMT without and with 30 s of
45-degree AOI SWIR LED illumination are shown in Figure 17(a) and (c). A zoom
portion of the Id-Vd curve for �0.5 and � 1.0 gate voltage is shown in Figure 17(b)
for visualization purposes, as the change in drain current was very small due to
illumination. Infrared lamp-assisted photoinduced ISBT in doped and undoped
multiple quantum wells was reported by Olszakier et al. in a series of experiments
[64–68]. It was concluded that the ISBT involves free electrons as well as excitons.
The exciton-based transitions have greater frequency and oscillator strength than
those of the bare electrons.

The bulk wurtzite semiconductor band diagram along with the two E0 and E1

subbands in the triangular quantum well involves transition of free electrons and
excitons-based transition as shown in Figure 18(a)–(c), respectively. In the asym-
metrical (triangular) quantum well, inversion symmetry with respect to the quan-
tum well center is broken, which leads to a relaxation of the selection rules (i.e.,
transitions between all subbands are allowed) [40]. It is possible to tune subbands
inside the quantum well by external electrical field in an HEMT device. Free
electron-based ISBT (0.5–10 THz) and exciton-assisted ISBT (for higher frequency)
can be exploited as potential tunable sources and detectors for the entire THz range.

The spacing between subband and quantum-well width depends on gate biasing.
Let us consider only two subbands, E0 and E1 inside a well having N0 and N1

electrons, respectively. The gate voltage is selected in such a way where ground
state E0 is situated below the Fermi level as shown in Figure 19(a). The 2DEG

Figure 17.
Effect of 45° AO Iillumination with SWIR led (a) on id-Vd characteristics of 100°nm GaN HEMT device (b)
zoom portion of id-Vd characteristics for drain current change visualization and (c) change in drain current
(reprinted with permission from Ref. [56]).
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carriers below the Fermi energy level are extracted as a drain current by applying a
potential between source and drain. When the sample is illuminated, the electrons
in a ground state E0 interact with an external electromagnetic field. The electrons
pick up photons from the illuminating field, which allows them to enter an excited
energy state E1 within the subband as shown in Figure 19(b). These excited elec-
trons are in the energy level E1 that is above the Fermi level. As these electrons are
not contributed to conduction, the drain current Id is decreased. This mechanism is
clearly observed in Figure 17(c) in terms of decrease in drain current due to
illumination, which shows ISB absorption. The amount of absorption strictly
depends upon the distribution of electrons in the subband and the spacing between
subband and width of well. To rule out thermal energy contribution in IV charac-
teristics, measurement is done in vacuum conditions. The precise and accurate
temperature controller and SMUs are used in measurement, which are able to detect
a very small change in drain current in dark and illuminated conditions. Moreover,
to confirm the transition is solely dependent upon the bandgap phenomenon, low-
temperature PL and IV measurements were carried out. The temperature-
dependent bandgap shifting in GaN found in PL measurement, as shown in

Figure 18.
(a) Band structure for wurtzite (WZ) bulk semiconductor with conduction band (CB), light and heavy holes
(HH, LH). The ISBT is shown in (b) well electrons and (c) the exciton schemes. (reprinted with permission
from Ref. [56]).

Figure 19.
(a) Band-schematic of the first two subbands in a 2DEG with respect to the Fermi level (b) absorption in the
subband. (reprinted with permission from Ref. [56]).
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Figure 20, matches with previously published results [69]. Low-temperature 200-K
and 100-K ISB absorption measurements were also carried out. It was found that
the intensity of absorption increases as the temperature decreases, as shown in
Figure 21(a) and (b). It indicates that thermal energy contribution decreases with a
decrease in temperature. The temperature-dependent bandgap variation in GaN
perfectly matches with ISB absorption (Vg = 0 V, Vds = 8 V), as depicted in
Figure 22.

In conclusion, low-temperature and angle-dependent illumination-based
measurements were used to confirm the ISB transition in GaN HEMT. We have

Figure 20.
Low-temperature PL measurement of GaN heterostructure (reprinted with permission from Ref. [56]).
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experimentally explored electrical tuning of ISB resonance phenomena inside the
triangular quantum well for a GaN HEMT device, which shows the potential of GaN
HEMT technology to be realized as a room-temperature THz source and detector.

5. Conclusion

We have developed theoretical models for electrically tunable plasmonic
metamaterials-assisted ISBT in GaN HEMT. Experimental demonstration of elec-
trical tuning of ISBT in a GaN HEMT device at room temperature has not only
provided a new alternate mechanism but also discriminates ISBT from other tran-
sitions induced by deep-level traps and defects in the 100-nm GaN HEMT device.
The chapter also explored the photonics ISBT phenomenon in a GaN HEMT device

Figure 21.
Change in drain current due to 45° AOI and 30°second illumination with SWIRLED at temperature (a)
200 K and (b) 100 K (reprinted with permission from Ref. [56]).

Figure 22.
Temperature dependent GaN band gap and change in drain current (vg = 0 V and Vds = 8 V) due to
illumination (reprinted with permission from Ref. [56]).
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for external biasing, which depends on tuning of the subband. A novel approach for
ISBT in GaN HEMT helps to overcome the THz gap in the electromagnetic spec-
trum at ambient temperature.
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Chapter 9

Interdigitated Photoconductive
Antenna for Efficient Terahertz
Generation and Detection
Shyamal Mondal, Nisha Flora Boby Edwin
and Vaisshale Rathinasamy

Abstract

THz signals can be generated commonly from Photoconductive Antenna (PCA)
but the efficiency is low for the conventional PCA. This work improves the optical
to terahertz conversion efficiency of the terahertz radiation by changing the
conventional PCA structure to Interdigitated PCA (IPCA). The efficiency of PCA is
dependent on the current pulse generated in the antenna structure when the laser
pulse is incident on it. This paper targets to achieve high photo-current, as well as
THz electric field from the IPCAs which are simulated using FEM and FDTD
techniques. Also, the effect of various parameters such as current, gain, frequency
bandwidth, optical to terahertz conversion efficiency, etc. are studied to study the
importance of IPCAs.

Keywords: interdigitated PCA, light-matter interaction, millimeter wave,
photoconductive antenna, terahertz

1. Introduction

The current research and development of terahertz (THz) and millimeter wave
technology at a global scale demonstrate numerous applications in medical imaging,
security, high-speed communication, material characterization and spectroscopy [1].
Such applications increase the demands for efficient THz sources and detectors.
Broad spectra are useful for many applications, such as time-domain spectroscopy,
multi-input multi-output (MIMO) communication, etc. Photoconductive antennas
(PCA) have been widely accepted as a reliable source and detector for THz genera-
tion and detection. It provides advantages for optically producing and detecting THz
radiation [2]. However, there is the issue of low optical-to-THz conversion efficiency
[3, 4]. Efforts have been made to enhance the efficiency by improving the laser pulse
coupling, including the use of anti-reflection coating on Low- Temperature-grown
Gallium Arsenide (LT-GaAs) [5], AlAs-AlGaAs based Bragg reflector under the
LT-GaAs layer [6], nanoplasmonic structures [7], nanoplasmonic double layer
structure [8, 9], recessed electrode and recessed nanoplasmonic array, nano-spaced
electrodes [10], optical plasmonic nano-antenna [11], plasmonic nanostructure [12],
graphene [13].

The design of an efficient photoconductive antenna requires a thin film of a
highly resistive direct semiconductor material (III–V group) placed over the
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substrate and a pair of electrodes. Low Temperature grown-Gallium Arsenide based
thin film and Semi Insulating—Gallium Arsenide based substrate are normally used.
The THz output power (or electric field), spectral bandwidth and optical-to-THz
conversion efficiency of a PCA highly depend on its geometry, dimensions and
input laser parameters [14]. Based on the aperture gap between the anode and
cathode, PCAs can be classified into small gap, semi-large gap and large gap types.
To improve the performance, different PCA geometries and arrays have been
reported [15]. In the literature, a bow-tie PCA structure provides frequency-
independent characteristics, bandwidth and power, which are widely used for THz
generation [16, 17]. Experimental analysis of THz far-field radiation for a butterfly-
shaped PCA was conducted by the researchers in [18]. Recent publications [19]
enhance THz radiation with the ZnO nanorods, which acts as a concentrator and an
anti-reflector. The increased photocurrent comes the increased local fields and the
decreased backward reflection of the optical pump.

This chapter explores the prospects of an inter-digitated PCA (IPCA) for THz
generation and detection. Compared to the conventional large gap dipole PCA or
bow-tie PCA, the IPCA geometry shows better performance in generating THz
pulses because it takes the advantages from both the small gap and large gap PCA. As
the gap between the PCA electrodes is filled by the metal teeth-like structures, most
of the generated photocarriers get collected at the respective electrodes with less
carrier drift time and leads to the uniform electric field. The addition of slots, the
number of teeth-like electrodes and teeth width dimension have been varied to
study the further improvement on IPCA based THz pulse generation [20]. The IPCA
with slots helps to shift the resonant frequency toward higher THz frequencies. The
slots have been placed at different positions and optimized to study geometry-
dependent THz signals. The slotted IPCA and IPCA modeling, simulation, experi-
mental results and its applications have been discussed in the following sections.

2. THz generation and detection using PCA

Some of the electronic sources to generate terahertz radiation are vacuum and
solid-state devices, such as the gyrotron, backward wave-oscillators, traveling wave
tubes [21]. These devices are bulky and require high magnetic field. The nonlinear
optical properties are exhibited for THz wave generation by nonlinear crystals like
ZnTe,GaP, InGaAs via difference frequency generation (DFG) and optical rectifica-
tion (OR) methods [1]. In these optical radiated THz sources, the thickness of the
nonlinear material should be carefully chosen and high THz power can be generated
by the high optical input power. The limitations are phase matching between the
optical field and THz. Based on the optical excitation type, the THz antennas are
classified into THz PCA in the pulsed system and THz photomixers in continuous
wave systems. The continuous wave systems use two different frequency monochro-
matic lasers. The THz radiated power can be improved by enhancing the photocur-
rent inside the semiconducting material and also by modifying the structure of PCA.
Another approach to generate the continuous THz signals is photo mixing or optical
heterodyne conversion which is achieved by mixing two monochromatic continuous-
wave lasers [22]. These two lasers with frequencies ω1 and ω2 and phases of β1 and β2
respectively produce beating and modulate the photoconductive switch conductance
at the THz difference frequency. The combined beam is targeted on the electrodes
and generate terahertz radiation with ω0 frequency. Similar to the THz PCA, the
photomixers also consists of photoconductive material, metal electrode [23]. The
laser diode is used as the input optical source for the photomixers and this has
advantages like compact in structure, less complexity and lightweight.
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To generate THz pulsed signals, the photoconductive antenna can be used both
as an emitter and detector based on ultrafast optical techniques. The photoconduc-
tive antenna shows better performance in all aspects of terahertz generation based
on the photoconduction principle [24]. In terahertz pulsed systems, the DC bias
voltage is applied and the photocarriers in the semiconductor photoconductive
material give rise to current density and ultrafast THz pulses [25]. The photocon-
ductive antenna is referred to as Auston switches similar to the Hertzian dipole
structure discovered in 1984 by Auston [26]. This PCA is structurally similar to the
RF/MW antennas. The differences are the semiconductive materials. Silicon,
InGaAs, GaAs and low-Temperature grown-GaAs (LT-GaAs) are used as the sub-
strates instead of the dielectric substrate materials [27, 28]. The PCA consists of the
metal electrodes on the photoconductive material substrate with an optical laser
source and bias voltage. The metal electrodes made of silver, gold, aluminum, etc.,
can also be used as biasing pads. This works with the photoconduction principle.
The terahertz PCA can be classified into small gap antenna, semi-large gap antenna
and large gap antenna based on the antenna gap size.

The performance of PCA gets affected by the geometry of the antenna, optical
source, impedance matching. Some antenna structures like bow-tie PCA, dipole PCA,
logarithmic spiral antenna, nanoplasmonic PCA [29], nanoantennas with plasmonic
contact electrode gratings, Amplifier-driven large-area PCA, Schottky PCA, Four con-
tact PCA, split ring resonators [30] etc., can be used as the terahertz sources and
detectors. To enhance the performance of photoconductive antenna in THz radiation,
the antenna structures can be optimized. The sharp edges of the electrodes are very
important to produce high electric-field but its fabrication is difficult and also there is
some restriction phenomenon reducing the THz photocurrent generation which are
velocity overshoot phenomenon, screening effects, etc., [25, 31]. Among these designs,
the interdigitated PCA shows better performance in terahertz generation and detec-
tion. Hence, the slotted IPCA and IPCA designs has been explored in next section.

3. Interdigitated PCAs

In the terahertz research area, the THz waves with high SNR and large spectral
bandwidth can be emitted by using innovative antenna geometry designs. Even
though the conventional PCAs have many advantages over THz generation, there
are the following drawbacks as well, (i) a few photocarriers can reach the
corresponding electrodes due to large antenna gap area which leads to the screening
effect [32], (ii) more photo-carriers can destabilize the THz output due to thermal
effect, (iii) THz output power saturates quickly with the increase of laser power,
and (iv) less THz output power, hence, low optical-to-THz conversion efficiency.
To overcome these disadvantages, the interdigitated photoconductive antenna
(IPCA) geometry can be used. The interdigitated photoconductive antenna emits
the pulsed THz wave and the interdigitated photomixers can be used to generate
continuous THz waves. This structure combines both the advantages of a large and
small gap antenna. The finger-like electrodes are included in the antenna gap area
which helps in reducing the active area and reduces the carrier drift time. This
antenna structure requires less input power to perform high E-fields and high SNR
compared to other PCA designs. The THz output beam always exits the surface of
the substrate in a cone and diverges very fast from the propagation direction.
Usually, metal parabolic mirrors and high-index THz lenses are used with the IPCA.
They help to collimate and re-focus the THz beam. The other techniques such as
second metallization [33], micro-lens array [34], binary phase masking [35] are also
used in integrated THz devices to have highly directional output beam.
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By varying the number of metal electrodes in the IPCA gap and keeping the
active area and antenna gap area constant in Figure 1a, the optical to terahertz
conversion efficiency has been improved [21] compared to the conventional PCA.
The optical to terahertz conversion efficiency of conventional PCA (dipole PCA) is
very low (0.00075%) [36]. With interdigitated structures reported in [20, 37–39],
the optical to terahertz conversion efficiency has been improved from 0.000614 to
0.0678% by increasing the number of interdigitated teeth from 2 elements to 40
elements. These interdigitated PCA structures can also be included in the bow-tie
and dipole PCA gap area. Figure 1 shows the schematic diagram of the interdigi-
tated PCA, IPCA in bow-tie PCA and tip-to-tip PCA. All these PCAs have a LTg-
GaAs layer of a 300 μm length, a 300 μmwidth and a 30 μm thickness. The metallic
structures are made of silver with a 1 μm thickness. The Length of the teeth-like
electrodes are also kept constant as Le = 21 μm. The gap between the teeth-like
electrodes are kept constant for all the design as Sg = 1 μm. The interdigitated PCA
shown in Figure 1a has been designed for teeth width of 21.5 μm (i.e. 2-elements), 8
μm (i.e. 5-elements), 2.46 μm (i.e. 13-elements) and 100 nm (i.e. 40-elements).
Figure 1b shows the IPCA is included in the conventional bow-tie PCA. Another
type of IPCA is the tip-to-tip PCA (Figure 1c). The antenna design consists of
cathode and anode electrode fingers like comb structures [40, 41]. The electric field
distribution becomes strong in the middle part of the photocond uctive antenna.
The tip-to-tip PCA fingers are rectangular or trapezoidal shape. The trapezoidal
fingers produce a stronger electric field magnitude than that of the rectangular ones
[25]. Using these tip-to-tip electrodes, the large capacitance can be mitigated by

Figure 1.
Schematic representation of (a) interdigitated PCA (b) IPCA in bow-tie PCA and (c) tip-to-tip PCA. The
parameters L is the length of the electrode-pad, Le is the electrode teeth length, W is the width of the electrode-
pad, We is the width of the electrode teeth, Sg is the gap between the electrodes, Sl is the slot length and Sw is the
slot width.
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extending the active area of fingers. Compared with the conventional PCA, this
IPCA design produces enhanced THz E-field and short carrier drift time between
the electrodes. In pulsed system, the high THz radiated power can be obtained by
using this efficient geometry [40–42].

4. Slotted IPCA

The slotted IPCA is another kind of interdigitated PCA. The ultrashort femtosecond
laser pulse is illuminated at the centre part of the antenna. The IPCA consists of a highly
defect photoconductive material LT-GaAs as substrate of a length Ls ¼ 300 μm, a
widthWs ¼ 300 μm and a 3 μm as thickness t. The planar silver electrode of a 1 μm
thickness is placed on the substrate. The periodic metallic structures are placed at the
edges of the anode and cathode with a gap of 1 μm, teeth width ofWe = 8 μm and a
teeth length of Le = 20 μm. These slots in the electrodes improve the field intensity and
spectrum bandwidth for strong THz radiation [37]. By varying the geometry of inter-
digitated finger and slots, the performance of IPCA gets improved. Figure 2a shows the
IPCA with two parallel slots Sl = 40 μm and Sw = 2 μm. Figure 2b and c show the IPCA
with a center slot and two side slots, where Lw = 20 μm, Sl = 20 μm and Sw = 2 μm. The
length and width of the teeth-like electrodes and substrate are consistent to those in
Figure 1. The additional slots in the IPCA improves the performance of THz radiation.
The center-slot realizes the maximum peak intensity of about 38.59 W cm�2. If two
parallel slots are added, the peak intensity is reduced to 27.20 W cm�2. If the slots are
added around the center, the peak intensity reduces to 26.44W cm�2 [20]. This
geometry generates high THz radiated power by optimizing the length and width of

Figure 2.
Top view of slotted IPCA with (a) two parallel side slots (b) one slot at the centre and (c) two side slots about
the centre. The parameters Sl is the length of the slot and Sw is the width of the slot; the color yellow signifies the
electrode/metal area and the orange color indicates the substrate area.
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the slot. The slot affects the current path length and the electrical length of the antenna
which accounts for bandwidth enhancement, frequency shifting, and PCA compact-
ness. These interdigitated structures with slots enhance THz field strength and reduce
drift time, which are compared with conventional bare-gap antenna geometries. The
electric field confinement is achieved in the active area between the interdigitated
electrodes due to the slots which increases the optical to THz efficiency [38]. By
increasing the slot areas and reducing slot lengths, the bandwidth and electric field of
PCAs are increased, respectively.

5. Theoretical modeling of IPCA

Many models like the drift-diffusion model, electronic transport model, energy
balanced approximation model, finite difference time domain model to analyze the
PCA performance. Based on the drift-diffusion model, the carrier density is pro-
portional to the optical generation rate and inversely proportional to the carrier
lifetime [43]. Because of the larger mass and less mobility compared with the
electrons, the contribution of holes is not considered. By using the continuity
equation, the time dependent carrier density can be calculated from Eq. (1):

dn tð Þ
dt

¼ � n tð Þ
τc

þ g tð Þ (1)

where, n tð Þ is the carrier density, τc is the carrier lifetime and g tð Þ is the
photocarrier generation-rate. The input optical source is considered as a gaussian
laser beam. The carrier-generation rate by the laser in a PCA is given in the Eq. (2).

g tð Þ ¼ 2ηP tð Þ
πω2

0hνoptV
(2)

where, η is the quantum efficiency, P tð Þ is the optical power, ω0 is the beam
waist radius, h is Planck’s constant νopt is the laser frequency, V is the active volume.
The quantum efficiency η can be defined as in Eq. (3),

η ¼ 1� Rcoeffð Þ 1� exp �αTLT�GaAsð Þ½ � (3)

where, Rcoeff is the power reflection coefficient, α is the optical absorption
coefficient, TLT�GaAs is the skin depth. With the laser beam pulse duration (τl) and
beam waist radius (ω0ω0), the optical power is described as Eq. (4).

P tð Þ ¼ P0 1� exp
�2r2

ω2
0

� �� �
exp

�2t2

τ2l

� �
(4)

where, P0 is the optical peak power. The average carrier density navg tð Þ can be
calculated using the Eq. (5),

navg tð Þ ¼ A:n tð Þ
Va

(5)

In dipole PCA, the total area of the generated carriers is given as A = La:W and
the active volume is given as Va = La:W:TLT�GaAs, where La and W are the length
and width of the active area respectively. While adding interdigitated fingers in the
active area at the bare gap of dipole PCA, the carriers are generated in the antenna

172

Terahertz Technology



gap between the fingers. The area of the interdigitated gap should be considered in
the calculation of the IPCA structure. To know about the conduction of current
across the antenna gap, the conductance can be evaluated using Eq. (6) [36],

G tð Þ ¼ qμen tð Þ W
La

� �
TLT�GaAs (6)

where, n tð Þ is the carrier density, μe is the mobility of electrons, q is the charge of
an electron. A restriction phenomenon of screening effect reduces THz photocur-
rent due to the charge polarization [44]. The Vc tð Þ can be calculated using the
radiated voltage and the screening voltage and it is written as Eq. (7).

Vc tð Þ ¼ Vbias � Vr tð Þ � Vs tð Þ (7)

where, Vc tð Þ is the gap capacitance voltage, Vbias tð Þ is the applied bias voltage,
Vr tð Þ is the radiating voltage, Vs tð Þ is the screening voltage. The screening voltage
can be calculated in Eq. (8) [2, 36],

Vs tð Þ ¼ Vbias � Vc tð Þ � Vr tð Þ (8)

The radiated voltage can be calculated by Eq. (9),

Vr tð Þ ¼ Itotal tð ÞZa (9)

where, Za is the antenna impedance, Itotal tð Þ is the total current. The capacitor
current is given in Eq. (10),

Ic tð Þ ¼ πqμ2eΔtAn tð ÞV2
c tð Þ

4Sg
(10)

where, Δt is the time step. The total current flowing through the circuit is
calculated using the Eq. (11),

Itotal tð Þ ¼ G tð ÞVc tð Þ þ Ic tð Þ þ Vbias

Rd
(11)

where, Rd is the dark resistance. The THz photocurrent generated by the laser
illumination on the semiconductor material is calculated numerically by solving the
Eq. (11). The radiated THz field ETHz of the IPCA is directly proportional to the
derivative of the terahertz photocurrent and it is calculated by Eq. (12).

ETHz tð Þ ¼ Itotal tð Þ
Va:G tð Þ (12)

The THz radiated power can be calculated in Eq. (13).

PTHz tð Þ ¼ Itotal tð Þ2Za (13)

There are three types of efficiencies for a PCA, such as optical to electrical
conversion efficiency ηe, THz radiation efficiency ηr and matching efficiency ηm.
The overall efficiency is expressed in Eq. (14).

ηt ¼
PTHz peakð Þ
Popt peakð Þ (14)
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Popt is the optical input power and PTHz peakð Þ is the peak terahertz radiated
power. This total efficiency can be increased by increasing the ηe, as it is the ratio of
electrical power to optical power.

6. Numerical modeling of IPCA

The equivalent circuit of a dipole PCA has been simulated using the PSPICE
software to obtain the photocurrent. This THz photocurrent from the equivalent
circuit is also compared with the fourth order of Runge-Kutta solution in MATLAB
which is shown in Figure 3a. The photocurrent is then input to the electromagnetic
model simulation of CST Microwave studio software to obtain THz wave intensity.
Figure 3b compares THz signals based on the equivalent circuit method and Runge-
Kutta method. The THz emission intensity is observed from the continuous bias,
pulsed bias and spectral bandwidth.

Compared with the conventional bare-gap geometry of PCA, the interdigitated
electrodes are used to increase the optical-THz conversion efficiency. The slotted
IPCA and IPCA structures have been designed and simulated using the finite dif-
ference time domain simulations of CST-Microwave Studio software. The interdig-
itated PCA with a slot at the centre as shown in Figure 2b and the IPCA without slot
shown in Figure 1a are almost overlapped to each other. The radiation from the two
slots about the centre IPCA design (Figure 2c) has destructive interference without
enhancement effect. The same interference is found from the parallel side slot IPCA
design (Figure 2a). Compared to the other slotted IPCA designs, the centre slot
IPCA structure (Figure 2b) provides wide bandwidth up to 1 THz. THz E-field and
gain for the slotted IPCA are shown in Figure 4a and b respectively. The IPCA
without slot shows a bandwidth of 0.765 THz and its gain is about 0.223 dB and
2.389 dB respectively at 4 and 5 THz. The two side slots of IPCA design increases the
center frequency to 2.695 THz and results pulse width of 0.7035 ps. The two slots
around the center performs the spectrum bandwidth of 1.29 Thz and the 0.782 and
3.232 dB gain respectively. The center slot IPCA performs a 0.515 THz bandwidth
and 0.613 and 3.013 dB gain respectively at 4 and 5 THz. It performs high-intensity
THz wave generation [37]. The tip-to-tip IPCA shown in Figure 1c has the electric-
field of about 4:5� 106 V=m. The bow-tie antenna coupled with IPCA (Figure 1b)
can enhance the THz generation.

The time-dependent average carrier density of IPCA is plotted via Eq. (5) and
MATLAB software in Figure 5a. The carriers are largely generated in a large active
area gap based on Eq. (1). The carrier density is high in a dipole PCA, comparing to
the designed IPCA as it has a large gap between the anode and cathode. The navg of a

Figure 3.
(a) Normalized THz photocurrent (b) intensity of THz signal (reprinted from [45] with permission of
Springer publishing).
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dipole PCA is about 4:89� 1023 m�3. For the 100 nm IPCA is 1:02� 1023 m�3. Due
to a larger gap, the screening effect become obvious to reduce THz intensity gener-
ation. Figure 5b shows the current conduction across the IPCA gap based on
Eq. (6). The interdigitated gap conductance G tð Þ depends on the carrier mobility,
laser input power, carrier lifetime, antenna geometry and laser pulse duration.
When the number of metal teeth structures increases in an active area, the conduc-
tance increases with the electric field amplitude based on Eq. (12). The IPCA teeth
width of 100 nm possess conductance of 0.15048 ℧whereas the conventional dipole
PCA possess 0.000173 ℧ with 250 mW input optical power. To calculate THz
radiation power of an IPCA, the antenna radiation resistance is required based on
Eq. (13). Hence, the IPCA can be designed using the Finite Element Method (FEM)
within Ansys High-Frequency Structure Simulator (HFSS) package. Among the real
and imaginary part resistance of an antenna, only the real part resistance is depen-
dent on THz frequency. All the IPCA designs radiates maximum power at 0.4 THz
and hence the real part ohmic resistance is considered at that particular frequency
which is shown in Figure 5c.

Figure 4.
(a) Simulated E-field for the slotted IPCA and (b) gain for the slotted IPCA (reprinted from [21], with
permission of IEEE publishing).

Figure 5.
Simulated results of (a) Total current of dipole and IPCA (b) radiated power of dipole and IPCA and
(c) optical-THz conversion efficiency of dipole and IPCA.
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The IPCA total current, THz radiation power and Opt-THz conversion
efficiency of dipole PCA and IPCA structures are plotted in the Figure 6 based on
Eqs. (1)–(14). The antenna gap widths are 1μm for all IPCA designs. The
amplitude of current gets increased by high carrier generation. In PCA, the
antenna radiates toward the substrate. THz radiation power and efficiency are
plotted based on Eqs. (13) and (14) respectively. Increasing the input pump power
leads to high radiation power. Even with low input power of 250 mW, the IPCA of
width 100 nm (40-elements) radiates up to 2.962 mW. The total current for the
40-elements IPCA is about 0.939 A whereas 0.12 A for the dipole PCA. The total
efficiency for the dipole PCA is about 0.001% and that of the 40-elements IPCA is
about 0.06%. Comparing to the dipole PCA, an IPCA efficiency as high as 60
orders of magnitude.

By increasing the interdigitated elements in the active area of an IPCA, the
enhanced electric field is obtained, which is shown in Figure 7a. Figure 7b depicts
the corresponding spectra which clearly show the gain fluctuation for 2, 5 and 13
interdigitated elements. The 2, 5 and 13-elements possess peak intensities of 24.86,
26.42 and 27.66 W=cm2 respectively. Hence, designing the antenna with the various
numbers of interdigitated elements can control THz radiation spectra.

Figure 6.
(a) Simulated E-field for the IPCA and (b) gain for the different elements of IPCA (Reprinted from [21],
with permission of IEEE publishing).

Figure 7.
Simulated results (a) average carrier density of dipole and IPCA (b) gap conductance of dipole and IPCA and
(c) antenna resistance of dipole and IPCA.
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7. Experimental results of IPCA

The experimental results of IPCA antennas are presented in this section. The
micrograph of an IPCA device and its cross sectional view are given in Figure 8a
and b respectively. The fabrication process of this device involves the following
steps. First of all, the electrodes are deposited on top of a lattice-matched layer
system consisting of 150 nm SI-GaAs, a 100 nm AlAs layer, followed by a 1.3 μm
layer of LT-GaAs. The LT-GaAs is grown using molecular beam epitaxy on a SI-
GaAs substrate. The photolithography technique has been used to pattern the elec-
trode using mask and photoresist. The metal along with AlAs layer has been etched
out in a HF solution resulting the gap in interdigitated electrode structure, shown in
Figure 8b. The IPCA array chip is then transferred to an optically and terahertz
transparent sapphire substrate of 500 μm thickness.

To measure the THz radiation from IPCA single element and IPCA array, the
device is placed in a standard confocal terahertz-time-domain spectroscopy system
(THz-TDS) and pumped by the optical beam from an ultrafast Ti:sapphire laser,
operating at 780 nm having a repetition rate of 76 MHz with a pulse width of 100 fs.
The IPCA has been placed normally to the femtosecond laser beam and the
terahertz radiation exits the substrate (sapphire) side along with the residual pump
beam. For the generation of THz signal from the IPCA, the substrate lens is not
used. However, a silicon substrate lens is used for THz detection. The typical bias
voltage of 0–40 V amplitude square wave is used for biasing. For the detection
system, the same IPCA is used with 3 mm diameter silicon substrate lens to focus
the terahertz radiation onto the photoconductive gap. The normalized electric field
for the IPCA is obtained from THz-TDS and the corresponding frequency spectra
are depicted in Figure 9. The figure shows around 30% increase in THz amplitude
between the single and array IPCA. In order to identify the reason for increasing
THz radiation, the optical excitation area is measured (Figure 9). Due to higher
amount of radiation, a strongly directed THz beam (Figure 10) produces a large

Figure 8.
(a) Micrograph of terahertz IPCA device. (b) Cross-sectional view of terahertz IPCA array (reprinted from
[46] with permission of Applied Physics Letters publishing).
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THz wave amplitude at the detector which is collected using the parabolic mirrors
in the measurement setup.

8. Conclusion

The enormous demand for future wireless applications of THz waves motivates
the researchers to target on the development of THz sources and detectors. Among
all the conventional PCAs, IPCAs improve THz generation and detection. The
analytical calculations of IPCA helps us to understand capacitive behavior of the gap
between the electrodes. From the above discussed results, it has been observed that
the photocurrent and optical to THz conversion efficiency are enhanced by the
IPCA design compared with the dipole PCA. THz performance can be further
improved by introducing the non-linear effect in the IPCA active area or by the
plasmonic features.

Figure 9.
Time-resolved scans of terahertz pulse for IPCA array emitter (dark line) and single element IPCA (light line)
and their respective spectra in inlay (reprinted from [46] with permission of Applied Physics Letters
publishing).

Figure 10.
(Color online) Calculated radiation pattern for dipole (black solid) line and measured single element IPCA
radiation pattern (dashed line). IPCA array radiation pattern calculated based on array theory (light solid
line) and measurement (dotted). Inlay: experimental setup with fiber coupled and dispersion compensated
(FC) receiver for radiation pattern measurement (reprinted from [46] with permission of Applied Physics
Letters publishing).
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Chapter 10

Terahertz Conductivity of
Nanoscale Materials and Systems
Rahul Goyal and Akash Tiwari

Abstract

The history of RF technology can provide human beings a powerful lesson that
the infrastructure of modern-day wireless communication depends on the com-
plexity and configurability of silicon-based solid-state devices and integrated cir-
cuits. The field of THz technology is undergoing a developmental revolution which
is at an inflection point and will bridge the ‘technology’ and ‘application’ gap in
meaningful ways. This quantitative progress is a result of continuous and concerted
efforts in a wide range of areas including solid-state devices, 2D materials, hetero-
geneous integration, nanofabrication and system packaging. In this chapter, the
innovative theoretical approaches that have enabled significant advancement in the
field of system-level THz technology are discussed. The focus is kept on the formu-
lation of terahertz conductivity which plays a critical role in the modeling of devices
that integrate technologies across electronics and photonics. Further, the findings
build on coupling a probe pulse of terahertz illumination into the photoexcited
region of amorphous silicon are presented and discussed in detail. Terahertz light
has a higher penetration depth for opaque semiconductor materials which provides
an accurate method to measure the conductivity of novel materials for the con-
struction of efficient solar cells. This paves the way for the possibility to develop
energy systems can address the need for reconfigurability, adaptability and scal-
ability beyond the classical metrics.

Keywords: terahertz, solidstate, electronics, semiconductors, quantum

1. Introduction

Terahertz radiation generally accounts for the photons of energy ranging from
414 μeV to 41.4 eV. This energy spectrum corresponds to the frequencies of 0.1–
10 THz in the electromagnetic spectrum. In the past, it has been referred to as the
‘terahertz gap’ primarily due to the inefficient methods for generation and detec-
tion of waves in the frequency range [1, 2]. The major reason for the complexity in
the designing of efficient THz systems was the presence of background noise
sources in incoherent light (room temperature is 25 meV, or 6 THz) [2–4]. Over the
past few decades, due to the advancement in the nanoscale fabrication, there has
been a significant surge of progress in enabling integrated, compact and efficient
chip-scale solid-state semiconductor technology that can operate at room tempera-
ture and can be manufactured at a low cost, exploiting economies of scale. Consid-
erable work has been directed towards miniaturized technologies demonstrated
with quantum-cascade lasers [5], microbolometers [6], nanowires [7], novel
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plasmonic nanostructures [8], metamaterials [9] and ultrafast conductive semicon-
ductor materials [10]. This progress has resulted a major step towards a more
holistic approach for realizing the development of THz systems for applications in
communication, spectroscopy and hyperspectral imaging [11].

Interaction of the terahertz radiation with matter provides a vital low-energy
probe to the electronic nature of doped semiconductors by generating carriers opti-
cally with a fraction of laser beam [12, 13], this technique is known as Optical Pump
Terahertz Probe Spectroscopy (OPTPS). This technique has the benefit of allowing
the carrier density to be readily controllable, and also allows the photoconductivity
to be measured on picosecond time scales after photoexcitation. A detailed descrip-
tion of the OPTPS is presented by the authors of paper; [14], and further, the authors
discussed the terahertz spectroscopy method to measure transient variation in the
photoconductivity of bulk and nanostructured semiconductors. There are a number
of terahertz spectroscopic techniques and applications which have been presented
and discussed from various scientists around the world. The studies based on the
terahertz spectroscopy of polymer-fullerene based hetrojunctions are reviewed by
the authors of [15] and the utilization of near-field terahertz for ultrafast imaging is
explained in depth by the authors of [16].

On the electronics front for the development of terahertz-based devices and
integrated circuits (ICs), researchers across various disciplines have converged to
address the technological challenges in the field. Scientists have made numerous
efforts in engineering the fabrication of novel nanomaterials, and most importantly,
in the development of theoretical framework to optimize the design parameters of
the devices and ICs. The main result of this effort is reflected in the ability of
various technologies to generate terahertz signals with sufficient power levels.
Particularly in frequencies beyond 1 THz, the semiconductor technologies based on
III–V group elements such as InP heterojunction bipolar transistors (HBTs), high
electron mobility transistors (HEMTs) and GaAs-based Schottky diodes are now
capable of generating power levels almost two to five times higher than a decade
ago [17, 18]. Silicon-based integrated technology, providing a platform for massive
integration has demonstrated complex phased array, imaging and communication
systems with output power reaching up to the 100 μW at the terahertz frequency
range [19, 20].

Semiconductor device modeling represents a physics-based analytical modeling
approach to predict device operations at specific conditions such as applied bias
(voltages and currents), environment (temperature and noise) and physical char-
acteristics (geometry and doping levels). The fundamental understanding of the
charge carrier dynamics plays a crucial role in the formulation of numerical models
by implementing mathematically fitted conductivity equations. Numerical models
are primarily used as virtual environments for device optimization to directly esti-
mate the conductivity providing insight into the nature of charge carriers, their
mobility and its dependence on time. In this chapter, the focus is on the conductiv-
ity at terahertz frequencies of bulk and nano-structured solid state materials. A
variety of theoretical formalisms that describe the terahertz conductivity of bulk,
mesoscopic and nanoscale materials are explained in the chapter (Section 2). The
validity and limitations of the respective formulations are discussed to highlight the
boundary of implementation for accurate calculations. The chapter starts with the
definition of the complex conductivity (Section 3) and then the experimental
method (Section 4) to obtain complex conductivity is described to develop the
understanding of practical implementation. Finally, the effectiveness of surface
passivation using hydrogenated amorphous silicon is quantified through time
resolved terahertz spectroscopy and the results of the measurements are presented
in the form of change in photoconductivity upon excitation from terahertz electric
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field (Section 6). Further, in the section, the results of Fourier transform infrared
spectroscopy are discussed to comment upon the nature of bond formation in the
amorphous silicon passivation layer.

The complex conductivity (σ) can be defined as a mathematical term that relates

the current density vector ( J
!
) to the electric field vector (E

!
). This relation is similar

to the way that current (I) and voltage (V) in an ac circuit are related by the
complex conductance (G), the stated analogy can be understood by the following
set of equations,

I ¼ G� V (1)

G ¼ σ � A
L

(2)

V ¼ E� L (3)

J ¼ I
A
¼ σ � A

L � E� L
A

(4)

where L is the length of the conductor and A is the cross-sectional area of the
conductor. Hence in vector form,

J
! ¼ σE

!
: (5)

The response of a material to an electromagnetic wave is generally described by
the dielectric constant of the material. Fundamentally, the refractive index of a
material quantifies the combined response of a material to a electric and magnetic
field which is given by the following equation,

~n ¼ nþ iκ ¼ ffiffiffiffiffi
εμ

p
(6)

where the dielectric function or electrical permittivity (ε) describes the ability of
an electric field to penetrate the material medium and the magnetic permeability (μ)
quantifies magnetic response of the medium. The dielectric function is generally
complex with the significantly higher imaginary part (ε2) as compared to the real
part (ε1) in spectral regions with dominant absorption.

ε ¼ ε1 ωð Þ þ iε2 ωð Þ ¼ ∣ε∣e�ιδ ¼ ∣ε∣ cos δ� ι sin δð Þ (7)

where ε1 and ε2 is the real and imaginary part of the permittivity and δ is the loss
angle. It is often convenient to disentangle the contribution to ε from bound modes
(lattice vibrations and core electrons) and the component arising from free charges.
In the THz and mid-IR frequency range, lattice vibrations contribute via transverse
optical phonon absorption (in polar materials), while at optical frequencies
interband transitions alter ε. The lattice component can be derived from the
Maxwell’s equations and can be mathematically written in the following way,

ε ωð Þ ¼ εL ωð Þ þ iσ ωð Þ
ωε0

(8)

where ω is the angular frequency of the electromagnetic wave, σ is the electrical
conductivity, ε0 is the electrical permittivity of free space and εL ωð Þ is the compo-
nent of ε from bound modes (lattice vibrations and core electrons). The electrical
conductivity (σ) of mobile charges is also defined complex in nature and hence can
be written as,
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σ ωð Þ ¼ σ1 ωð Þ þ iσ2 ωð Þ (9)

Generally, a valid assumption for the equations derived fromMaxwell’s equation
is the excitation from a conventional monochromatic plane wave propagating in the
k̂ direction, with a time dependent electrical field, which is defined as,

E tð Þ ¼ E0ei k:r�ωtð Þ (10)

where E0 represents the maximum electric field strength, r is the three-
dimensional position vector of a point, and k � r denotes the projection of the
direction vector k̂ along the position vector r.

2. Models for conductance at terahertz frequency

In this chapter, various models for the terahertz conductivity are compared
and outlined in sequential manner, initially the basic fundamental physics of
charge transport is described to develop the understanding of terahertz con-
ductivity in a homogeneous media. The chapter starts with the description of
Drude-Lorentz model which is applicable in classical domain of charge transport
and further discussed about the limitation in the applicability of the model. Further,
the chapter provides the discussion of the models that functions effectively at
the quantum mechanical domain and elucidates the mathematical expressions for
the terahertz conductivity. The relationship between the length scale and the
applicability of various conductivity models is demonstrated with the help of a
schematics shown in Figure 1, it clearly separates the quantum and classical
conductivity models based on the length scale of electrons mean free path in the
semiconductor. The schematics also shows the conductivity models namely
Drude-Smith and Plasmon model which consider the interfacial scattering of
electrons into account for the sub-micrometer length scale of the semiconductor
material.

3. Complex conductivity

A classical circuit theory forms a simple analog to examine the complex conduc-
tivity σ ¼ σ1 þ iσ2. A voltage wave of the mathematical form V ¼ V0e�iωt generates

Figure 1.
The relevant terahertz conductivity models of blends and micro/nano-materials at different length scales.
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a complex impedance Z ¼ ZR þ i∣ ZL þ ZCð Þ ¼ Rþ i �ωLþ 1=ωCð Þ where R, L and
C are resistance, inductance and capacitance of the circuit respectively. A non-
polarisable material provides a good model system to theoretically understand the
functioning of a bulk semiconductor with a single charge carrier, in which the
current lags behind the applied voltage (a resistor R in series with an inductor L).
It is known that conductance is defined as an inverse of resistance, hence it can be
written that the complex conductivity (σ) is proportional to the inverse of complex
impedance (Z) and therefore, mathematically it can be expressed as, σ ∝ 1=Z ∝Rþ
iωL. Similarly, the charge transport in a polarisable material can be examined by
including a capacitor C in the equivalent circuit. A circuit consisting of resistor and
capacitor in series configuration, the complex impedance is given by Z ¼ Rþ i=ωC
and the complex conductivity is proportional to σ ∝ 1=Z ∝R� i=ωC. It should be
noted that in the case of non-polarisable material the imaginary part of complex
conductivity is positive but for polarisable material it has a negative sign. This
property plays a very important role in the mechanics of charge transportation for
polarisable medium.

3.1 Drude-Lorentz model

Drude-Lorentz model provides the simplest approach to mathematically
interpret the frequency-dependent conductivity of metals and semiconductors.
This model considers the charge carriers i.e. electrons and holes transportation
as a non-interacting gas plasma. It is assumed in the model that the charge
carriers undergo random collisions at a rate Γ ¼ 1=τ where τ denotes the relaxation
time between collisions and Γ is assumed to be independent of energy in the
system. According to the Drude-Lorentz model, the displacement x of the charge
carrier with effective mass m ∗ and charge q from its equilibrium position is
given by,

d2x
dt2

þ Γ
dx
dt

¼ qElocal

m ∗ (11)

where at normal incidence the local electric field Elocal of the terahertz pulse is
related to the incident electric field ETHz by the following equation, Elocal ¼
2ETHz= nþ 1ð Þ. The term qElocalτ=m

∗ represents the velocity by which the charge
carriers drift in the presence of constant applied field. It can be assumed from the
linear nature of the differential equation that if the incident electric field oscillates
at angular frequency ω and has the ETHz ¼ E0e�iωt mathematical form, then the
displacement x has the solution of an identical time variation i.e. x ¼ x0e�iωt. The
value of x0 can be yielded by substituting the terms of E and x in Eq. (11) which
represents the mean oscillating amplitude of the charge carrier. The dielectric func-
tion ε of the medium can be determined from the definition of the polarization from
P ¼ χε0E ¼ Nqx, and then the conductivity as a function of frequency can be
expressed from the following equation,

σ ωð Þ ¼ Nq2

m ∗
τ

1� iωτ
: (12)

It should be noted form the equation that the real part (σ1) of the complex
conductivity has a maximum at the zero frequency and similarly the imaginary part
has a maximum at the frequency ω ¼ 1=τ. Intraband conductivity of some metals
and semiconductors are adequately modeled by the Drude-Lorentz conductivity,

189

Terahertz Conductivity of Nanoscale Materials and Systems
DOI: http://dx.doi.org/10.5772/intechopen.104797



however there are some variables which are considered constants for mathematical
simplicity, such as electron scattering rate which is dependent on energy, has been
considered constant in the Drude-Lorentz model. Most importantly, it is assumed in
the model that the material is uniform over the length scale that is traversed by
electrons during their motion which often significantly varies in the experimental
observations [21]. These limitations are the fundamental reason for the Drude-
Lorentz model to be invalid for two-dimensional materials, having examined these
limitations it is important to consider alternative terahertz conductivity models to
establish more accurate simulation environment.

3.2 Plasmon model

The plasmon model is a straightforward extension to the Drude-Lorentz model,
in this model a restoring force with an external electromagnetic wave derives the
motion of electrons which is governed by the equation of motion of a damped,
driven simple harmonic oscillator [22]. The restoring force can be provided by
electromagnetic or for instance electrostatic, by a surface depletion layer or accu-
mulation layer, which is often the case when calculating for the charge transporta-
tion at the interface of semiconductors. Hence, the plasmon model is mostly
applicable to model the terahertz conductivity of semiconductor nanomaterials. A
mathematical term ω2

0x is added to the left-hand side of Eq. (11) which represents
the applied restoring force and where ω0 is the angular frequency of the oscillatory
response.

d2x
dt2

þ Γ
dx
dt

þ ω2
0x ¼ qElocal

m ∗ (13)

A larger restoring force requires a greater value of ω0. The complex conductivity
in the model is given by the equation,

σ ωð Þ ¼ N � e2

m ∗
τ

1� iτ ω� ω0ð Þ2=ω
� ��� (14)

The oscillation frequency (ω0) can be mathematically linked to plasmon
frequency (ωp) for some particular geometries by the following equations,

ωp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N � e2

m ∗ ε∞ε0

s
(15)

and

ω2
0 ¼ f � ω2

p (16)

The equations are valid for the assumption that the charges are located on the
surface of a small spherical particle which has the geometric factor f ¼ 1=3 [22].
while for cylindrical wires f ¼ 0 when the electric field ETHz is axial and the wave
vector qTHz is radial, f ¼ 1=2 when ETHz and qTHz are radial, and f ¼ 1=3 for radial
ETHz and axial qTHz [23, 24]. There has been many practical implementation of
the classical conductivity expression such as it has been applied in temperature-
dependent terahertz time domain spectroscopy studies of doped silicon, however
there are several reasons why the classical relaxation-effect model is not sufficient
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for a quantitative account of experimental observation, even when interband tran-
sitions can be safely ignored or calculated separately:

1.Conduction bands with normal metals can be significantly different from the
ideal spherical energy band (that assumes an effective electron mass, m).

2.Scattering relaxation time is assumed to be independent of energy E kð Þ,
where k = wave vector of the electron, even though it depends on both
energy and position. For this reason, τ is considered to be a semi-empirical
parameter.

3.A local-response regime is assumed.

The above reasons highlight the importance to achieve even better modeling
accuracy and therefore it is necessary to move towards the more complicated
semiclassical treatment of terahertz conductivity of materials.

3.3 Phenomenological conductivity model

In the Drude-Lorentz model, it is assumed that the charge carriers are propa-
gating in the bulk of the material which means that the carrier displacement is less
than the largest dimension L of the material. Thus, it can be argued that when an
electron or hole’s displacement under the electric field ETHz becomes comparable to
the dimension L of the material then the conductive response of the material will
differ significantly from that of the bulk material. Mathematical, this can be under-
stand by the criterion of mean free path such that the electron or hole mean free
path l should be greater than L, i.e. l ¼ vτ>L, where the carrier velocity is often

equated with the thermal velocity which is given by, v ¼
ffiffiffiffiffiffiffiffi
3kBT
m ∗

q
. The carrier velocity

defines the This relation can be demonstrated by some examples; firstly, for room
temperature electrons close to the Γ-valley minimum of GaAs with the values of
v � 5� 105 m/s and τ � 100 fs, this yields the mean free path (l) of 50 nm and thus,
the dimension L of the material should be less than 50 nm. Secondly, for silicon
m ∗ ¼ 0:26 me, v � 2� 105 m/s, and τ � 100 fs, the estimate for l is 20 nm. The
materials which satisfy this dimensional constraint, the scattering from the inter-
face boundary must play an important role in the calculation of charge-carrier
transportation. This argument is based on three important underlying assumptions
which are stated as follows, firstly, the carrier velocity should be equated to the
Fermi velocity (vF) rather than be equal to the thermal velocity. The electrons
which occupies energy states within kBT of the Fermi surface will be able to
perform excitation from an occupied state to an unoccupied state. When the mate-
rial is excited through photons of energy very high as compared to the bandgap,
then the mean carrier velocity will be a function of time which considers the fact the
charge carriers will decay to an equilibrium energy state after the excitation source
is removed. Secondly, the terahertz electric field can provide electrons significant
amount of energy when ETHz is larger compared to the electron affinity. Thirdly, at
the scale of tens of nanometers, quantum confinement effects can become signifi-
cant and could play an important role in the conductivity. For instance, in a GaAs
quantum well with infinite energy barriers the spacing between the lowest two
electron sub-bands when L ¼ 63 nm corresponds to 1 THz. Therefore, it can be
concluded that the phenomenological conductivity models are applicable when the
average electron displacement is approximately equals to the dimension of device
but when the quantum confinement effects are not of significant magnitude.
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The conductivity of charge carrier undergoing restricted motion is derived from
an extension of the Drude-Lorentz model, in which the charge carrier conserves a
part of its initial velocity upon scattering from a boundary layer energy barrier [25].
It is assumed that the collisions are randomly distributed in time and cn denotes the
fraction of initial velocity of charge carrier which is conserved after p scattering
events in time. With these numerical assumptions, the Drude-Lorentz model can be
generalized into a different mathematical form which can be written as,

σ ωð Þ ¼ σD ωð Þ 1þ
X∞
p¼1

cp
1� iωτð Þp

" #
(17)

σD ωð Þ denotes the conductivity of Drude-Lorentz model, and cp is the expecta-
tion value cos θh i for scattering angle θ. Statistically, if the scattering is a total
random process then the carrier’s momentum will be randomized which gives cp ¼
0, on the other hand if the carrier is completely backscattered then cp ¼ �1. The
infinite series of Eq. (17) is generally truncated at p ¼ 1, which corresponds to the
assumption that the charge carrier conserves a part of its initial momentum after the
first scattering event, but in every subsequent scattering events the velocity is
randomized. This model is called as Drude-Smith model. The Drude-Smith model
can be overlapped with surface plasmon model when c1 ¼ �1 and cp> 1 ¼ 0, and
with the following mathematical substitution,

ω2
0 ¼ 1

τ2DS
(18)

1
τSP

¼ 2
τDS

: (19)

The subscripts DS and SP are used to distinguish the scattering times denoted in
the Drude-Smith model and surface plasmon model. There is an alternate approach
to simulate the conductivity of materials with length scales comparable to the mean
free path which includes the effect of non-uniformity on the electronic states. The
non-uniformity of the electronic states is the result of disordered materials for which
long-range delocalized eigen states such as Bloch functions cannot be used to describe
the electronic wavefunctions. Tight-binding approach more appropriately describes
the localized states of disordered material [26]. The first order correction to the
Drude-Lorentz model take the following form in the limit of weak disorder [26–29],

σ1 ωð Þ ¼ Re σD ωð Þ½ � 1� Aτ�2 þ 3ωð Þ1=2Aτ�3=2
� �

(20)

where A is the fit parameter (A ¼ C= kFvFð Þ2) and it is dependent on the Fermi
wavevector (kF), Fermi velocity (vF) and a constant C of order unity. This conductiv-
ity expression is referred to as the localized-modified Drude-Lorentz model and can be
derived from the quantum conductivity model which is discussed later in the chapter.

Drude-Lorentz model is attempted to provide another extension which include
the influence of an energy dependent τ. The Cole-Cole and Cole-Davidson models
add exponents to the denominator of Eq. (12) producing the following conductivity
equation,

σ ωð Þ ¼ N � e2

m ∗ � τ

1� iωτð Þ1�α
� �β (21)
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where the Cole-Cole (α) and Cole-Davidson (β) parameter are in the range
0< α< 1 and 0< β< 1. The Drude-Lorentz model is the special case of the model of
Eq. (21) where α ! 1 and β ! 1. This expression can model small deviations from
the Drude-Lorentz conductivity but does not provide elaborate insight into the
dominant scattering mechanisms. Most importantly, it cannot reproduce the nega-
tive imaginary conductivities which are reported for semiconductor nanomaterials,
and this leads to further development of conductivity models.

3.4 Boltzmann conductivity model

A classical approach has been used to model the terahertz conductivity where
quantum mechanical effects such as a finite density of energy states, or an
energy dependent τ, has not been accounted for in the mathematical equation.
Boltzmann transport equation can be used to derive a generalized expression of
conductivity in which both the contributions are addressed quantitatively. Under
an external perturbation such as an electric field, it is assumed that the rate of
change of the electron distribution function is inversely proportional to the
scattering time τ, this is called as relaxation time approximation. The frequency
dependent conductivity of an isotropic three-dimensional material with
parabolic energy bands is derived from the Boltzmann transport equation which
is given by,

σ ωð Þ ¼ 2
ffiffiffiffiffiffiffiffiffiffi
2m ∗

p
e2

3π2ℏ3

ð

E

τ Eð ÞE3=2

1� iτ Eð Þω � ∂ f 0
∂E

� �
dE: (22)

The electron distribution function in equilibrium at temperature T is given by
the Fermi-Dirac distribution,

f 0 Eð Þ ¼ 1
e E�μð Þ=kBT þ 1

(23)

where the chemical potential μ can be determined mathematically from the
given numerical equation,

N ¼
ð∞
0
f 0 Eð Þg Eð ÞdE (24)

where g Eð Þ denotes the electronic density of states. Fermi’s golden rule can be
applied to calculate the energy dependent scattering times τ Eð Þ for various scatter-
ing mechanisms such as with impurities, acoustic or optical phonons. This approach
has the benefit of converting the scattering time which is a fit parameter into a
numerically determined quantity obtained from the carrier density of semiconduc-
tor. This model provides a physical insight into the underlying microscopic physics
because the calculated scattering time τ Eð Þ will highlight the dependence on the
inclusion of relevant scattering mechanisms. In addition, it can be inferred from the
model that the conductivity is dominated by the contribution of electrons with
energies close to the chemical potential (μ), this can be understand from the fact
that the peak value of the function ∂ f 0=∂E comes at the energy E ¼ μ. The function
∂ f 0=∂E is given by the equation,

∂ f 0 Eð Þ
∂E

¼ e E�μð Þ=kBT

kBT e E�μð Þ=kBT þ 1ð Þ2
: (25)
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1.Skin depth is much less than linear dimensions of metal, thus regarding it as
planar and infinite in extent.

2.Normal incidence of propagation, thus simplifying to a one-dimensional
problem.

3.Conduction electrons are quasi-free, having a kinetic energy E kð Þ ¼ ℏ kj j2=2m
with a parabolic band approximation, where ℏ = modified Planck’s constant.

4.Collision mechanism is always described in terms of lm.

5.A fraction p of electrons arriving at the surface is scattered specularly, while
the rest are scattered diffusely.

6.This one-band free-electron model does not apply to multivalent metals,
in which the electrons occupy more than one energy band (e.g., aluminum
or tin).

7.K sð Þ is derived for transverse conductivity, and holds for the whole q,ωð Þ
plane, for a spherical energy band.

8.While the semiclassical treatment takes into account partially-filled
conduction band energy dispersion, E kð Þ, it ignores electron
wavefunctions.

These assumptions laid the foundation of a more accurate theoretical framework
which considers the quantum behavior of electrons for the purpose of calculating
the charge carrier dynamics inside the semiconductor materials.

3.5 Quantum conductivity model

The conductivity associated with interband and intraband transitions can be
determined accurately from the linear response theory or Kubo-Greenwood theory.
The transition rate of electrons denoted by Wij between an initial state i and a final
state j is calculated by the Fermi’s golden rule, and ℏωWij is equated to the power
lost in the form of electromagnetic field due to absorption (mathematical formula-
tion of this statement yields the absorption coefficient α). Further, the real part of
the refractive index can be determined from the absorption coefficient (α) by the
Kramers-Kronig relations. The resulting expression for the conductivity is given by
the equation,

σ ωð Þ ¼ 2 e2ℏ

m ∗ð Þ2V
X
ij

ψ j ĵe � pjψ i

D E���
���
2

E j � Ei
� i f E j

� �� f Eið Þ� �
E j � Ei � ℏω� iℏ=τ

(26)

where ê denotes the unit vector in the direction of the electric field (E
!
), p is the

momentum operator and V represents the volume in which the summation of the

dipole matrix element ψ j ĵe � pjψ i

D E���
���
2
is applicable. The matrix element creates

selection rules for observable absorption peaks, for instance in semiconductor
quantum wells intersubband absorption is only observed if the applied electric field
is parallel to the direction of quantum confinement, and if the initial and final states
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have parity. It is important that the wavefunctions (ψ) of initial and final states are
already determined, to calculate the quantum expression of conductivity. Addi-
tionally, a common formalism should be designed to include the interband,
intersubband and intraband transitions. Boltzmann expression of Eq. (22) is the
result of solving Eq. (26) for intraband transitions in a parabolic band. The conduc-
tivity expression of Eq. (26) can be simplified for intersubband transitions in quan-
tum wells, such as absorption from lowest state 1 to the next highest state 1, this
yields the real part of the conductivity which is given as,

σ1 ωð Þ ¼ e2 f 10
2m ∗

ð
g Eð Þ f Eð Þ ℏΓ Eð Þ

ℏω� E10ð Þ2 þ Γ2 Eð Þ dE, (27)

where f 10 is the oscillator strength and the linewidth in units of energy is
denoted by Γ ¼ ℏ=tau. The expression can further be solved in the limit of an
energy-independent Γ, which yields the following equation,

σ1 ωð Þ∝ Γ
ℏω� E10ð Þ2 þ Γ2

: (28)

The most prominent systems to form excitons from the binding of electrons and
holes together, are the ones which exhibits quantum confinement and where the
excitonic binding energy is enhanced by the quantum effects. The model of hydro-
gen atom can be used to derive a comparison for the eigen states of an exciton,
where 1s, 2s, 2p, 3s,… are in spectroscopic notation. It is important to highlight the
difference between the classical approach and the current approach, for the hydro-
gen atom, the lowest order electric dipole allowed transition (1s-2p) falls in the
ultraviolet range while for GaAs quantum wells due to the lower effective masses of
electrons and holes, and high dielectric constant, 1s-2p transition results in the
excitons of terahertz frequency range. The expression of frequency dependent
complex conductivity is yielded from the Fermi’s golden rule,

σ ωð Þ ¼ NXe2

m ∗

X
k

f j,kω

ω2
j,k � ω2 � iω=τX

(29)

where NX and TX denote the excitonic density and linewidth, ℏωj,k denote the
energy difference between the initial state j and final state k, and f j,k is the electric
dipole matrix element for the transition.

Further, for superconducting materials, Mattis-Bardeen theory provides the
quantum mechanical expression for the conductivity. When the terahertz photon
energy exceeds the Cooper pair binding energy 2Δ, this results in strong
absorption and production of a σ1 that increases with frequency above ℏω ¼ 2Δ.
Apart from the Mattis-Bardeen theory, there is another model called as two-fluid
model to simulate the conductivity and is often utilized to approximate the con-
ductivity in the terahertz range. The condition associated with the applicability of
two-fluid model states that the terahertz photon energy should be very less than
the Cooper pair binding energy (E< < 2Δ). In this model, the conductivity is the
summation of two terms, first is the Drude-Lorentz term which arises from the
thermally excited carriers and the second is the superconducting term (σs) which
is purely imaginary. The fraction (xS) of carrier in superconducting state is zero
at the superconducting transition temperature while the the fraction (xn) of
thermally excited carrier is zero at zero temperature. The conductivity is given by
the following equation,
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σ ωð Þ ¼ Ne2

m ∗
xnτ

1� iωτ
þ xs

i
ω
þ πδ ωð Þ

� �� �
(30)

where N denotes the sum of the densities of the superconducting Cooper pairs
and the normal carriers, and xs þ xn ¼ 1. By the Kramers-Kronig relations, it can be
stated that the infinite DC conductivity in the superconducting state is inversely
proportional to the frequency (σ2 ∝ 1=ω).

The extended Drude model provides an additional accurate approach to simulate
the terahertz conductivity in quantum materials [30, 31]. It has been extensively
applied to the visible and infrared conductivity of metals and superconductors, and
is applicable for Fermi liquids with strong electron–electron interactions, rather
than the weaker interaction of a Fermi gas. In this model, the single-particle effec-
tive mass (m ∗ ) in Eq. (12) is replaced by a frequency-dependent effective mass
(m ∗ ∗ ωð ) which is given by the equation,

m ∗ ∗ ωð Þ ¼ m ∗ 1þ λ ωð Þ½ � (31)

and the energy-independent scattering time τ is replaced by a photon
frequency-dependent function τ ∗ ωð Þ. The effective mass renormalization factor
1þ λ ωð Þ can be experimentally determined from the electron density N by using
the equation,

m ∗ ∗ ωð Þ ¼ �Ne2 � Im 1=σ½ �=ω: (32)

4. Experimental determination of complex conductivity

Generally, the studies based on broadband spectroscopy are obtained from a
method known as terahertz-time domain spectroscopy (THz-TDS) which measures
the electric field of pulses of electromagnetic radiation directly in the real time after
the interaction of radiation with the sample material. Short pulses (< 100fs) of
infrared radiation of centre wavelength 800nm are used in THz-TDS, for example:
mode-locked Ti: sapphire laser can be used to generate and detect single-cycle
pulses of the radiation. It is known that the time and frequency resolution are
inversely proportional to each other, and as the duration of pulses are in sub-
picosecond range, this results in a broadband frequency spectrum with significant
amount of power from tens of GHz to a few THz. There are other alternate methods
to generate terahertz radiation, firstly the down-conversion of IR radiation into the
THz range for which non-linear techniques such as difference frequency genera-
tion, optical rectification and gas plasma generation are the efficient methods for
pulses of high fluences [21, 32]. Secondly, photoconductive emitters can be utilized
to generate a pulse of lower fluences where a transient photocurrent generates a
pulse of THz radiation [33, 34]. The photocurrent can be a result of various fields
that cause charge separation such as an applied electric field (Auston switches),
field due to the surface accumulation layer or depletion layer [35, 36], and photo-
Dember fields which are created by the difference in the ballistic motion of electron
and hole due to the effective mass [36, 37].

Now, lets discuss about the detection methods, there are generally two compet-
ing technologies that are being used for the coherent detection of THz pulses which
are as follows,

1.The first detection method is based on the change in the polarization state of
an IR gate pulse due to the interaction with the electric field of THz pulse, this
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is known as electro-optic sampling [38, 39]. The polarization state of the
pulse is often analyzed by a Wollaston prism and balanced photodiodes,
and the electric field of THz pulse can be directly calculated from
the experimental signals using known parameters of the electro-optic
crystal [40].

2.The second method is the photoconductive detection of THz radiation pulses
which is basically a inverse process of emission [34]. A photocurrent created
by a gate beam flows between two contacts under the influence of the THz
electric field, producing a signal that is proportional to ETHz (when the
photoconductive decay time of the material is very short) [41].

Commonly, a THz-TDS setup contains a photoconductive antenna which gen-
erates and detect THz radiation. The emitter chip generates a burst of terahertz
radiation when excited by the photons of a subpicosecond laser pulse of average
beam power in the range of few mW. A silicon lens is generally included in the
setup which collimates the excited THz pulse for parallel free space propagation
before reflecting from a parabolic mirror. A second mirror reflects the THz pulse
onto the detector, and the time-dependence of the THz pulse is obtained by
scanning the relative time delay between the emitter excitation pulse and the
detection pulse. The conductive sample which is located between the parabolic
mirrors, causes a time delay and a reduction in the amplitude of the THz pulse
which can be compared with the reference THz pulse measured without the
sample. This comparison gives the information about the magnitude and phase of
the spectra and hence results in the numerical calculation of absorption coefficient
and refractive index. Hence, the conductivity (σ) of the sample is determined
experimentally as the it is defined by the quantity of absorption and refractive
index. However, THz-TDS system has a number of advantages including the
ability to extract complex optical properties of material, there are of course some
disadvantages of the system, such as the high cost of the technology and a narrow
frequency range as compared to the Fourier-transform infrared spectrometers.
Most importantly, the reflection geometry needs to be precisely monitored to
prevent errors entering into the calculated optical properties of the sample
[42, 43].

Compared with the THz-TDS method, Time-Resolved Terahertz Spectroscopy
(TRTS) is an another important method to probe the conductivity at higher fre-
quencies and is therefore sensitive to THz conductivity instead of static conductiv-
ity of materials. The sub-picosecond time resolution is suitable to study the ultrafast
dynamics of carriers. The complex photoconductivity is calculated from the real
time monitoring of amplitude and phase of emitted THz wave which is excited by
the optical pump probe. For THz-TDS, electric field waveforms transmitted
through the unexcited sample, E0 tð Þ, and reference, Ei tð Þ are scanned and averaged
which typically results in waveforms with a reproducible measured phase delays of
femtoseconds range. However, for TRTS measurements, the pump delay is scanned
while holding the delay between the gate and terahertz probe pulses fixed at the
position that gives the maximum differential electro-optic response ΔEEXC to yield
the TRTS decay dynamics. The optical pump-probe induced change in conductivity
can be calculated by collecting and averaging the data from pump delay scans.
Spectral changes to the photoconductivity is determined by measuring the differ-
ential electrical field waveforms, ΔEEXC tð Þ, where the delay time between the THz
probe and gate is scanned and the delay between the visible pump and THz probe is
kept constant. Further, the conductivity of photoexcited samples is determined by
analyzing the measured electric field waveforms of ΔE peakð Þ under the thin-film
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approximations. The electric field transmission through a sample consisting of a
photoexcited layer smaller than the overall sample thickness relative to an non-
photoexcited sample is given by, [44].

T̂
p
s ωð Þ

T̂
np
s ωð Þ

¼ Ê
p
s ωð Þ

Ê
np
s ωð Þ

¼ 1þ nsub þ Z0d
npσ̂np ωð Þ

1þ nsub þ Z0d
pσ̂p ωð Þ (33)

where the substrate is defined as the unexcited portion of the sample and the
superscripts np and p indicate the non-photoexcited and photoexcited samples
respectively. The rearrangement of the expression in Eq. (33) gives the explicit
representation for the conductivity of the photoexcited sample. The real part of the
conductivity determined by Eq. (33) is related to the direct current conductivity in
the low frequency limit by σ ¼ eNμ, where N and μ are the charge carrier density
and mobility, respectively, and e is the electron charge. In general, bulk semicon-
ductors generate equal number of both electrons and holes with unit quantum yield
following photoexcitation so the conductivity is given by a sum of the electron and
hole contributions. This analysis method therefore provides the sum of the electron
and hole conductivity in the photoexcited sample regardless of the intrinsic carrier
type present and hence can be utilized directly to doped-semiconductor samples.

5. Charge carrier dynamics in hydrogenated amorphous silicon

Solar energy is one of the clean source of technology that has the potential to
reduce the anthropogenic damage to the earth and its ecosystem. This puts the
photovoltaic materials that make up solar cell as the subject of intensive study and
scientists all around the world are analyzing the photovoltaic properties of novel
materials to discover the true potential of solar energy [45, 46]. Time Resolved
Terahertz Spectroscopy is one of the methods to analyze the conductivity of photo-
voltaic materials where spectroscopy, in general defines the study of interactions
between matter and electromagnetic radiation. The sentence has been corrected.
Generally, the field of spectroscopy plays an important role in the study of photo-
voltaic materials which is necessary for the efficient designing of solar cells. The
investigation of early-time film dynamics offers unique opportunities to improve
the photoconductive characteristics of the active materials by better understanding
the carrier evolution properties.

Terahertz spectroscopy uses ultrashort pulse lasers to study the charge carrier
dynamics of matter and electromagnetic radiation within extremely short time
scales (nanoseconds to picoseconds). The lasers excite the specimen material in
short pulses, which initiates the generation of charge carriers in the materials.
Hence, provides a non-contact and accurate method to measure the photo conduc-
tivity of the material providing insight into the nature of charge carriers, respective
mobility and time dependence of the conductivity. Hydrogenated amorphous sili-
con (a-Si:H) thin films are attracting increasing attention for their applications to
silicon hetrojunction solar cells in surface passivation [47]. The state-of-art deposi-
tion method of intrinsic a-Si:H thin films is plasma enhanced chemical vapor depo-
sition (PECVD), in this section we test the passivation capabilities of a-Si:H films on
n-type silicon (Si) surface by measuring the change in conductivity (Δσ) of the
material after the optical excitation as expressed by the following equation,

Δσ ¼ ξ� μe þ μhð Þ ¼ �ΔEexc ωð Þ
ΔEgs ωð Þ � ε0c

Fe0
� 1
1� e�αL (34)
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where ξ is quantum yield of charge generation, μe and μh are the electron and
hole mobility, respectively, ΔEexc is the terahertz electric field transmitted through
the sample after photo excitation while ΔEgs is the ground state terahertz electric
field, ε0 is permittivity of vacuum, c is velocity of light, F is the fluence in number
of photons/cm2, e0 is the elementary charge, α is the absorption coefficient, and L
the thickness of the sample. The quantity that is obtained from the Eq. (34) has the
unit of mobility in cm2V�1 s�1 which is defined as the product of two quantities
namely, quantum yield and mobility. The quantum yield is assumed to be unity
(ξ ¼ 1) which means that all absorbed photons are converted to mobile charges. The
interplay between the time-dependent change in charge population and mobility
defines the shape of the terahertz photoconductivity kinetics. On one hand, the rise
in the photo conductivity kinetics elucidates generation of charged species and/or
increase in mobility of the charges. On the other hand, decay represents decrease of
the mobility due to relaxation and/or disappearance of charge carriers by recombi-
nation mechanisms.

Intrinsic a-Si:H films are deposited by an oxford instruments PECVD system
using a source of silane gas (SiH4), where the hydrogenation of films is achieved by
providing hydrogen gas (H2) for the generation of plasma in the deposition chamber.
The total pressure inside the chamber is maintained around 400 mTorr with the
partial pressure of SiH4 and H2 in the ratio of 5:4, which is determined experimen-
tally for the optimum hydrogenation of amorphous silicon. Firstly, the samples are
RCA cleaned and then, a dry oxidation of the sample is performed to grow a 100 nm
double-sided layer of silicon dioxide (SiO2) on the silicon sample. Secondly, a
forming gas annealing at 300°C is performed followed by the conductivity measure-
ment to determine the reference measurements for the comparison purposes.
Thirdly, a wet etching procedure using HF is performed to remove the top-layer of
SiO2 and lastly, the sample is immediately placed in the chamber for the deposition of
30 nm of a-Si:H for surface passivation. The thickness of deposited amorphous silicon
films are measured using a J.A. Woollam N-2000 spectroscopic ellipsometry system.

The schematic of the experimental setup is shown in Figure 2 and the results
prepared for the measurements performed are shown in Figure 3. A pump probe
delay time is varied in order to obtain the photoconductivity kinetics while the
gating delay time is fixed at the peak of the terahertz electric field (ETHz). The
pump-probe delay time is scanned within an interval of 1500 s to record the
transmitted terahertz electric field. It should be noted that the photoconductivity
obtained with this process represents the lower limit of the mobility (Figure 3(c)).
The transmitted terahertz electric field (EGS and EEXC) responses can be fitted to

Figure 2.
Schematic diagram of the terahertz setup used in probing charge carrier dynamics in hydrogenated amorphous
silicon passivation layer. The transmitted electric fields, EGS (ground state) and EEXC (excited state), are
Fourier transformed and used the conductivity Eq. (34) to obtain the photoconductivity kinetics at the
maximum of terahertz electric field (ETHz).
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Drude or Drude-Smith model to elucidate the change generation efficiency (quan-
tum yield) and the mobility independently. The results of the photoconductivty
point to a very important parameter that controls charge dynamics in photovoltaic
materials: defects and dangling bonds, as evident by the difference in the photo-
conductivity kinetics of a-Si:H-passivated silicon sample and non-passivated silicon
sample (Figure 3(c)). Through the use of time resolved terahertz spectroscopy,
these early time processes and parameters of novel solar cell materials can be
investigated in nanometer scale. The presence of hydrogen (H) in the passivation
layer is by using Fourier Transform Infrared Spectroscopy (FTIR) and the many
repetitive measurements were taken to check that no hydrogen loss takes place with
time. The integration times were sufficient so as to reduce the statistical errors to a
few percent of the average value. Infrared absorption measurements were made
with a Perkin Elmer spectrometer on films deposited on crystalline silicon. The
infrared spectrum of hydrogenated a-Si generally displays two groups of bands due
to the stoichiometric ratio of silicon and hydrogen i.e. Si�HX bonds. The first
group is designated to the bond wagging (rocking, rolling) band at ≈640 cm�1

which is directly proportional to the hydrogen concentrations and the second group
corresponds to the band in the region of wavenumber 2000 cm�1 where the
vibrations are designated by the stretching of the Si-H bonds.

Figure 3.
Surface passivation effectiveness of a layer of hydrogenated amorphous silicon (a-Si:H). (a) Schematic of the
double-layered sample under observation, it consists of one-sided growth of 100 nm SiO2 and on the other side
30 nm a = Si:H is deposited through PECVD process. (b) Scanning Electron microscopy (SEM) image of the top
surface of the sample where an uniform layer of a-Si:H is clearly visible due to contrast difference between Si
and a-Si:H. (c) the photoconductivity kinetics of the sample under study normalized to the excitation density
where NEXC = 1� 1015 and e0 is the elementary electronic charge. The effectiveness of surface passivation from
a-Si:H can be stated from the difference in the terahertz conductivity between the passivated Si sample and non-
passivated Si sample. (d) the results of Fourier transform infrared spectroscopy (FTIR) of the a-Si:H sample
compared with the Si substrate to highlight the presence of Si�H and Si�H2 bonds in the passivation layer.
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6. Conclusions

Terahertz radiation, in particular the theoretical framework, has become a
requirement to design faster and energy efficient devices. Successful first-pass
design of components of a system requires the ability to accurately predict the
dissipative losses due to charge-carrier scattering in semi-conductor and metallic
materials used in waveguides, filters, antennas and optics. A comprehensive
description of different formalisms was presented that allows the complex conduc-
tivity of semiconductor materials to be calculated at terahertz frequencies by
including the energy dependence of the scattering rate. The generalized conductiv-
ity reduces to the Drude model in the limit of zero temperature or an energy
independent scattering rate. Terahertz time-domain spectroscopy was used to
determine the conductivity and the photoconductivity of hydrogen-doped amor-
phous silicon, which was semi-quantitatively accounted for by the generalized
conductivity model. The breadth and depth of the studies of conductive solid state
materials using terahertz radiation continues to advance and as the field is very
broad, it is very important to understand the fundamental models to better utilized
materials for future. Terahertz based spectroscopy methods can be valuable to not
only in revealing fundamental processes or micro/nano strategies but also in pro-
viding insights for possible optimization of manufacturing procedures for solar cell
industry.
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