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Abstract. Compact and cost-effective spectrometers and ima-
ging systems in the terahertz (THz) frequency range based on
optical-THz photoconductive converters of ultrashort laser
pulses (photoconductive antennas — PCAs) are actively being
developed and widely used to solve fundamental and applied
problems in a variety of fields of science and technology. This
high activity of research and development is associated with the
PCASs’ reliability and compact size, the easy scalability of a
single element to 1D and 2D arrays, and PCAs’ ability to
provide a wide spectral range and high dynamic range of
recorded THz signals without cooling. Recently, systems for
multi-pixel detection of THz radiation based on matrix PCA
detectors, designed to greatly increase the speed of THz ima-
ging, have been of particular interest. This review presents the
latest trends in the development of PCA-based THz devices,
PCA-based methods of THz pulsed spectroscopy and imaging,
as well as alternative approaches to THz pulse recording and
THz imaging.
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1. Introduction

Historically, the terahertz (THz) frequency region, adjacent
to the microwave and infrared (IR) regions on the scale of
electromagnetic waves, was called the THz gap, because there
were no efficient sources or detectors of THz radiation, nor
were there elements of THz beam control. Today, it is
accepted to consider the THz range as corresponding to
frequencies of 0.1-10 THz or wavelengths of 0.03-3 mm [1].
THz electromagnetic radiation has a number of unique
features. The frequency dependence of THz complex permit-
tivity of a medium carries information on low-frequency
molecular vibrations and structural properties of the sub-
stance. THz radiation is sensitive to water content and the
state (free or bound) in water-containing systems, including
biological tissues. THz radiation can penetrate through
nonpolar dielectric materials, such as paper, plastic, cloth,
wood, and ceramics, which are opaque in the visible and IR
ranges. THz spectroscopic and imaging systems possess
better resolution than their counterparts in the radio and
millimeter-wave ranges. In recent decades, these features of
THz waves have stimulated the development of THz
engineering, designing a new high-efficiency elemental base
for THz optoelectronics, creating unique laboratory research
facilities, as well as commercial spectroscopic and imaging
systems.

Progress in THz time-domain spectroscopy and imaging
is inextricably linked with improvement in the existing
elemental base of the THz range. Among the sources and
detectors of THz radiation, photoconductive antennas
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(PCAs) have become the most universal component of up-to-
date broadband THz spectroscopic and imaging systems over
recent decades. The still high publication activity is associated
with important competitive advantages of PCA-based THz
time-domain spectrometers. In particular, a PCA source
excited by near-IR femtosecond laser pulses is capable of
providing a bandwidth of 100 GHz—6 THz [2—4], and even
more [5]; a coherent PCA detector can record the profile of a
THz wave packet in the time domain or simultaneously
record the spectral phase and amplitude of a THz wave in
the frequency domain. By using a PCA in THz spectrometers,
it turns out to be possible to implement the mean power of a
THz beam of up to = 600 pW [6], as well as to achieve what is
to date a record-breaking optical-to-THz power conversion
efficiency of =~ 7.5% [7]. Although there are many alternative
mechanisms of THz generation and detection and devices
implementing them (including generators based on electrons
accelerated to relativistic velocities [8], backward-wave tubes
[9, 10], free-electron lasers [10, 11], Gunn diodes [12],
avalanche transit time and resonance tunneling diodes [13],
and quantum cascade lasers [14, 15]), all of them are much less
widespread than PCAs due to their high cost, their poor
ergonomics, and (sometimes) the necessity to operate at
cryogenic temperatures.

This is exactly why in this review we focus on PCAs and
PCA-based methods of THz imaging. We will consider the
main methods of generating and detecting THz radiation with
an emphasis on PCAs as most often used in THz pulsed
systems. We will describe the approaches to efficiency
improvement and the results achieved. We will consider the
basic principles of time-domain THz spectroscopy and
imaging. We will consider the classical methods of THz
imaging with diffraction-limited resolution, including con-
focal THz microscopy, as well as methods of near-field
imaging, overcoming the Abbe limit (for focusing in free
space) and providing a resolution of up to 10731 [16]. The
near-field microscopy method based on solid immersion will
be considered, which allows increasing the spatial resolution
of an optical system.

2. Principle of operation
of optical-to-terahertz switches

The processes of pulsed radiation generation and detection
can be implemented based on various physical principles [17],
among which we will select and describe below four types.

2.1 Acceleration of charge carriers in semiconductors
With the progress in femtosecond laser techniques [18] and
the appearance of new photoconductors, PCAs became more
manufacturable, efficient, and widespread devices to generate
and detect THz radiation. The approach to generating and
detecting THz pulses based on the accelerated motion of
photoexcited carriers in a semiconductor was first proposed
by D Auston et al. in Refs [19, 20], where silicon on a sapphire
substrate was used as a photoconductive medium. The PCA is
formed by two metallic electrodes separated by a small gap on
the surface of a semiconductor. When the PCA is excited by
an ultrashort (< 100 fs) laser pulse with a photon energy
exceeding the semiconductor band gap, nonequilibrium
photoexcited charge carriers are formed in the gap, and the
antenna almost instantly moves to a conducting state.

The generation of THz radiation in a PCA is a rather
complex process; therefore, in the literature, various descrip-

tions are found. For example, in Ref. [21], the following
formulation is given: under exposure to a bias electric field
applied to the PCA, a transit current is formed, which, due to
the short lifetime of nonequilibrium carriers, in the course of
damping excites electromagnetic field oscillations at GHz and
THz frequencies. However, the process of generating THz
radiation is not only determined by the acceleration of
nonequilibrium charge carriers in the PCA bias field. A
more detailed description presented in Ref. [22] is that the
transit current formation in a PCA implies the optical
generation of hot electrons and holes, their fast thermaliza-
tion, the ballistic acceleration of carriers, and a burst of the
drift velocity in a subpicosecond time interval. This descrip-
tion removes the apparent contradiction associated with the
fact that, in order to generate radiation, it is necessary that the
lifetime of charge carriers in the photoconductor be short.
Indeed, efficient enough radiation generation is possible using
photoconductive materials with a lifetime > 100 ps [23, 24];
the efficiency of generating radiation in PCA is directly
proportional to the electron mobility in the photoconductor
and the bias voltage [25]. Hence, to increase it, a high-mobility
material is required; at the same time, to safely increase the
bias voltage, a high resistance of the material is required.
Simultaneous satisfaction of both requirements is rather
problematic, and the solution is usually a compromise
combination of these parameters. High-resistance materials,
such as LT-GaAs, ensure a compromise between the mobility
and the lifetime: having a specific resistance of 107 Q cm™!
[26], they provide sufficiently high mobility within 100—
300 cm? V~! 571, It is important to note that, in contrast to
PCA sources, to detect THz radiation, it is preferable to use
materials with a short carrier lifetime in order to reduce the
thermal noise of the PCA detector [3, 27]. A schematic
diagram of a PCA source and its operation as part of a time-
domain THz spectrometer are illustrated in Fig. 1.

The existing approaches to increasing PCA efficiency are
related to modifying optical and transport properties of the
semiconductor material and developing new PCA topologies
and designs. Let us describe the main areas of PCA
optimization.

Significant progress in the development of THz PCAs
occurred with the onset of using LT-GaAs-based semicon-
ductors. In combination with Ti:sapphire femtosecond lasers,
PCA sources and detectors became the main components of
pulsed THz systems. The growth of GaAs layers by molecular
beam epitaxy (MBE) at a low temperature under the
conditions of excess arsenic flow leads to the introduction of
excess As atoms into the GaAs crystal lattice. During the
subsequent postgrowth annealing of the sample under
increased temperature, the formation of As precipitates
occurs, as a result of which LT-GaAs acquires the necessary
properties, namely, a short lifetime of photoexcited electrons
(< 1ps) in combination with sufficient mobility (100-
200 cm? V~! s71) [28, 29]. Other methods of modifying
the properties of bulk materials are implantation of
GaAs with heavy or light As™/O*/H*/C™ ions [30, 31] or
radiation damage of the crystal lattice of GaAs [32], InP [33],
GaAsBi [34].

Currently, various multilayer structures have proven
themselves well in THz spectroscopy systems [35], in
particular, superlattice heterostructures [4, 36]. The first
structures of this type to be used were those in which many
layers of ErAs quantum dots were embedded in the bulk of
GaAs [37]. With a correct choice of the growth conditions, a



January 2024 Optical-to-terahertz switches: state of the art and new opportunities for multispectral imaging 5
| .
FS laser beam a GM1 FS laser {} . RR b
® S At A
Y
Y
BS
i GM2
Ubjas __________________ Y
@ . . Idet
U rca PCA
7 source Sili detector
VA St AR EE ilicon
l lens I
Terahertz Terahertz
OAP2
beam OAP1 beam

Figure 1. Schematic diagram of a PCA source (a) and its operation in a THz time-domain spectrometer (b). Optical paths of the laser and THz beams are
shown in red and blue, respectively. GM — dielectric mirror; BS— beam splitter; RR — optical delay line with a movable corner reflector; OAP — off-

axis parabolic mirror; PCA — photoconductive antenna.

moderate mobility of carriers is retained and the precipitates
or quantum dots created in the course of ErAs growth form
recombination centers in the middle of the GaAs band gap.
Embedding ErAs layers into the superlattice structure of
In(Al)GaAs made it possible to obtain a record-breaking
dynamic range of 78 dB with a generation bandwidth up to
~ 3.65 THz at the laser excitation wavelength of 1550 nm
[38]. In Ref. [39], the authors report a mean generated power
of 164 uW of radiation from an ErAs:In(Al)GaAs-based
PCA source with a mean laser pump power of 42 mW and
bias voltage of 200 V.

Another approach is to form InAs quantum dots on the
GaAs surface. Such quantum dots are produced as a result of
relaxation of elastic stresses, arising due to a strong mismatch
of lattice parameters in epitaxial layers. Their presence in the
matrix of the parent substance not only serves to reduce the
lifetime when maintaining the mobility high enough, but also
allows using femtosecond laser pumping with the central
wavelength in the range of 1.0-1.3 um [40, 41]. Similar to
ErAs layers, photoconductors with InAs quantum dots can
be used to generate THz radiation [42-44]. In one recent
paper, it was shown that traditional PCAs based on such
quantum dots preserve efficiency up to the mean power of
laser excitation (photoconductor irradiance) of ~ 1.1 mJem™2,
which is 20 times higher than the LT-GaAs pump limit.

The demand for compact THz systems and progress in
fiber femtosecond lasers with a central wavelength of 1550 nm
made it relevant to develop photoconductors with a band gap
that permits absorption of a photon with the appropriate
(smaller) quantum energy. Ings3Gag47As is such a photo-
conductive materials; however, it is not suitable in its initial
form for use in PCA-based radiation sources because of the
long lifetime of photoexcited charge carriers and excessive
dark current. To optimize its properties, various approaches
are being developed: doping low-temperature InGaAs
(LT-InGaAs) [46], ion implantation [47, 48], and creating
beryllium-doped superlattice LT-InGaAs/InAlAs hetero-
structures [49]. The best result when using beryllium in
LT-InGaAs/InAlAs has been obtained in Ref. [50], where the
gradient doping of InAlAs layers has provided a more rapid
capture of photoexcited charge carriers using traps, keeping
the mobility unchanged. The obtained PCAs were character-

ized by a spectral bandwidth of generation up to 6 THz and
dynamic range of 70 and 55 dB at frequencies of 3 and 4 THz,
respectively.

The authors of Ref. [51] proposed a design of a super-
lattice heterostructure of undoped ‘high-temperature’ (grown
at a temperature usual for MBE growth) InGaAs/InAlAs
layers. The mobility in them reaches 3000 cm? V! s~! thanks
to the spatial separation of perfect crystal layers of InGaAs
(with high mobility) and a defect layer of InAlAs (responsible
for the recombination of photoexcited carriers at composi-
tion inhomogeneities because of microalloy scattering). Using
this structure, the mean output power of =~ 64 uW was
obtained from a PCA-based source with a mean laser pump
power of ~ 32 mW, which corresponds to an optical-to-THz
conversion efficiency two orders of magnitude higher than
in superlattice heterostructures based on beryllium-doped
LT-InGaAs/InAlAs [52]. An even greater increase in the
efficiency of this structure can be achieved by introducing
elastic stresses in the layers, due to which the roughness of
heterointerfaces and the rate of charge carrier scattering on
them increase, while the mobility in the bulk crystal lattice is
preserved [53].

In Ref. [2], it is proposed that InGaAs be doped with iron,
acting as a deep acceptor impurity and forming recombina-
tion levels in the middle of the InGaAs band gap. A mean
output power of the corresponding PCA at the level of
~ 75 pyW was obtained, the generated bandwidth reached
6 THz, and the dynamic range amounted to 95 dB. A detailed
investigation of photoexcited electron dynamics in
InGaAs:Fe has shown that the photoelectron lifetime
reaches 0.23 ps [54]. A promising idea is to dope InGaAs
with rhodium (Rh), which, like iron, forms deep acceptor
levels, but at the same time possesses a lower diffusion
coefficient and has a smaller tendency to cluster formation
at higher doping concentrations [55]. The characteristics of
InGaAs:Rh surpass those of practically all known analogs:
the lifetime of photoexcited charge carriers is reduced to
~ 100 fs, the mobility being ~ 1000 cm? V~' s~! [56]. This
allowed creating on its basis a PCA detector with a record-
breaking dynamic range of 105 dB and the high-frequency
boundary of the operating spectral range up to 6.5 THz[3], as
well as a PCA source with a mean output power of & 637 uW,
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the mean power of laser excitation being ~ 28 mW [6]. One
promising way of THz generation by PCAs is to use
topological insulators based on Bi,Se; and Bi,_,Sb,Te;_,Se,
films [57].

Along with the photoconductor material, the spectral and
energy characteristics of a PCA are determined by the chosen
topology of electrodes. Depending on the width of the gap
between the electrodes, the categories of wide-aperture and
dipole PCAs can be distinguished. In dipole PCAs, the gap
between the electrodes is smaller than the THz wavelength,
and in wide-aperture ones it exceeds the THz wavelength (by
up to two orders of magnitude) [58—60]. Increasing the
operating gap region in wide-aperture PCAs was an attempt
to raise the saturation threshold and output power of THz
radiation. However, to create the corresponding electric field
strength in a large gap, a voltage supply of up to 45 kV is
required [61], which, together with the known effect of bias
field screening by the emitted THz pulse [59, 62], has limited
the use of such PCAs. The most successful approach to
increasing the THz radiation generation power is the use of
easily scalable large-format PCAs, comprising an array of
interdigital electrodes. Initially implemented by Yoneda et al.
[63], large-scale PCAs allow making an emitting element of
arbitrary area and using a high-power optical pump without
impairing the generation efficiency because of charge screen-
ing effects and thermal breakdown [64-67]. The choice of
antenna topology also makes it possible to control the
frequency-angular (spatial) distribution of the generated
THz wave [68-70]. Among dipole PCAs, the following
topologies remain the most common: a microstrip antenna
(consisting of parallel conductors), dipole, bow tie, and
logarithmic spiral (Fig. 2). The choice of particular topology
is determined by the area of PCA application. For example, a
dipole topology may be designed for a specific resonant
frequency, while a logarithmic spiral provides the maximum
bandwidth.

When detecting radiation, no bias voltage is applied, and
the charge carriers in the antenna gap are accelerated by the
electric field of the incident THz wave forming the signal
current [71-73]. To study the polarization characteristics of
the THz radiation, PCA detectors with crossed electrodes
have been proposed [74, 75]; for studying spatial character-
istics, it is linear and matrix PCA detectors [76-78].

Another line of study aimed at improving the PCA
characteristics is increasing the efficiency of optical-to-THz
conversion of energy in the antenna. The existing approaches
are, first, based on enhancing the localization of the exciting
optical radiation in the PCA gap [79, 80]. This principle can be
most effectively implemented by forming a metasurface in the

Log-spiral Dipole and bow tie
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Figure 2. Schematic diagrams of widespread topologies of PCA electrodes:
(a) logarithmic spiral (log-spiral); (b) dipole (top), and bow tie (bottom).
Here, g is the gap between electrodes; d is the length of electrodes; « is the
angle of flare.

PCA gap. Various types of metasurfaces for PCAs are
considered in reviews [81-83]. In the present paper, we will
briefly consider the main results for PCAs with dielectric and
metallic metasurfaces.

A metallic (plasmonic) metasurface is formed in the PCA
gap by subwavelength metallic elements, producing a certain
distribution of the exciting laser field on their shadow side (on
the surface and in the bulk of the photoconductor) [84].
Frequently, the role of such elements is played by 1D or 2D
plasmonic gratings. The increase in THz generation efficiency
is related to the local enhancement of the exciting laser field in
addition to the metallic elements due to the formation of
plasmonic modes [82, 85, 86]; this local field becomes more
intense than the incident light wave field by orders of
magnitude [87]. One of the most efficient metallic metasur-
face topologies has been proposed in Ref. [88]. It is formed by
an array of interdigital electrodes of subwavelength size
(plasmonic grating) connected with the master PCA elec-
trodes. An optical pump pulse is incident on the lattice with a
positive potential so that practically all photoexcited charge
carriers created in the immediate vicinity of the electrodes
contribute to the photocurrent. A 50-fold increase in the
power of THz generation in a PCA source based on LT-GaAs
with a plasmonic grating compared to the analogous PCA
without a lattice and a 30-fold increase in the sensitivity of a
plasmonic PCA detector were demonstrated. A record-
breaking optical-to-THz conversion efficiency of ~ 7.5% in
a PCA source was obtained in Ref. [7]. This was made
possible by using a three-dimensional plasmonic grating
embedded in the semiconductor to a depth of 400 nm. This
allowed localizing practically all the photoexcited electrons
near the lattice electrodes in a subpicosecond time interval.
The mean power of the generated THz radiation amounted to
~ 105 W with a mean laser pump power of only ~ 1.4 mW.

In 2019, a Russian source of broadband THz radiation
(0.1-4.5 THz) was developed, in which a high-aspect
plasmonic grating with a lattice height of 100 nm and
height-to-period ratio of 0.5 was first used (Fig. 3) [90]. Such
a lattice simultaneously provides a strong laser field localiza-
tion at the photoconductor and a brightening of its surface
due to the excitation of canalized plasmonic modes. In 2022,
the design of the lattice was improved by increasing the aspect
ratio to 0.8 (the lattice geometry was calculated to maximize
the coefficient of laser pump energy transmission through the
lattice); in this case, its height was already 170 nm, thus
forming a narrow-slit resonator, in which at least one
plasmonic mode of higher order was excited. This caused an
increase in the dynamic range (i.e., the signal-to-noise ratio)
of the THz time-domain spectrometer based on such an
antenna by 10 dB and an almost 10-fold increase in the
mean power of the generated THz beam [89]. The total
power in the range of 0.1-4.5 THz amounted to 5 pW with a
mean laser excitation power of 10 mW and bias voltage of 5V.

Cross-shaped plasmonic elements allow implementing a
polarization-insensitive THz PCA detector [91]. For a further
increase in PCA efficiency, individual antennas with a
plasmonic grating can be collected into 1D or 2D arrays of
many elements [92] or form a single large-area element [66].
The addition of a Bragg grating (dielectric mirror) under the
functional layers of undoped GaAs in combination with a
PCA with a plasmonic grating on the structure surface allows
designing a plasmonic resonator, providing efficient absorp-
tion of a femtosecond laser pump pulse [67]. A layer of GaAs
only 170 nm thick with a relatively high mobility of charge
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Figure 3. THz PCA source with a plasmonic grating [90]: (a) PCA designs with logarithmic spiral electrodes (left) and a plasmonic grating in the gap
between electrodes (right); (b) image of the plasmonic grating obtained by means of scanning electron microscopy, including a general view of the gap, a
magnified image of the plasmonic grating (top view), and an image of the plasmonic grating section (side view).

carriers is used as a photoconductive layer. This means that,
during a THz pulse (1-2 ps), all photoexcited carriers will
contribute to the photocurrent and, therefore, the layer will
be completely depleted. Results of studying a PCA detector
based on a plasmonic resonator showed that, in the spectral
range of 0.1-4.5 THz, it enables a dynamic range of 100 dB
with a mean pump power of 5 mW, which corresponds to
results for detectors based on a photoconductor with an
ultrashort lifetime. Using a similar approach, but without a
resonator, a record-breaking dynamic range of 122 dB and
spectral range of more than 3.6 THz were demonstrated with
a mean laser pump power of 10 mW [93]. A layer of
Ing 53Gag47As only 200 nm thick was used and the topology
of PCA electrodes was previously optimized to support high
impedance and a low level of Johnson—Nyquist noise.
Plasmonic metasurfaces can be calculated and used not only
for the optical range but also for the THz range [94, 95]. Due
to the resonant nature of the interaction between the
metasurface and the incident wave field, this enables tuning
the PCA to amplify specified spectral bands and even
individual frequencies in the generated THz spectrum [95].

The second type of metasurface is dielectric structures.
Although initially dielectric coatings were applied to the PCA
surface as blooming layers [7, 93], with time, it became clear
that dielectric nanostructures based on materials with a high
refractive index can also be used for subwavelength localiza-
tion of the exciting laser IR radiation. In contrast to metallic
metasurfaces — often having a relatively small transmission
coefficient and being laborious to produce and nondurable in
exploitation [96]—dielectric structures are free of these
drawbacks; moreover, they have no ohmic losses in principle
[97].

The concept of an all-dielectric metasurface in applica-
tion to PCA detectors was proposed in Ref. [98]. The
metasurface was a system of parallel strips of subwave-
length size produced by LT-GaAs etching. A PCA detector
based on a structure with dielectric metasurface produces
photocurrent an order of magnitude greater than a similar
PCA without a metasurface at the mean laser pump power
of Popi~0.5 mW. Later, the same authors proposed an
ideally absorbing laser radiation dielectric metasurface,
represented by an array of Mie resonators [99]. It was
shown that the resonators formed in the bulk of the GaAs
photoconductor support two strongly coupled degenerate
magnetic modes. The magnetic moment of one of them is
normal to the photoconductor surface and the other one lies
in its plane. Simultaneous excitation of both modes gives

rise to nearly total absorption of laser pump radiation at a
wavelength of 800 nm, and the PCA detector demonstrates a
signal-to-noise ratio of ~ 10° at an extremely low mean
pump power of ~ 100 uW. Finally, in Ref. [100], a PCA
source was studied with an all-dielectric metasurface in the
form of a subwavelength nanolattice produced directly on a
GaAs semiconductor between the microstrip electrodes of
the antenna. Optimization of the nanolattice dimensions
made it possible to bloom the photoconductor, reducing the
laser pump reflection to 2.53%, and to increase the power of
THz generation 3.92 times in the range of 0.05-1.6 THz.

There are many fewer experimental studies of dielectric
metasurfaces than theoretical ones, in which a variety of
compositions, designs, and topologies of dielectric elements
are considered [101-103]. This is due to serious difficulties
etching single crystals to obtain elements of the specified
shape and size.

Note that THz pulse generation in photoconductors is
also possible without a bias field at the expense of the Dember
photovoltaic effect [104—108], the presence of a built-in
electric field in the near-surface layer of a semiconductor
[109], and the excitation of a leaky mode in vertical
filamentous crystals of GaAs [110, 111]. The power of
generated THz radiation in the above approaches is small
compared to PCA [68].

Theoretical modeling aimed at describing the ultrafast
dynamics of carriers in surface emitters was carried out in
Ref. [112] using the 3D semiclassical Monte Carlo model. The
results of the modeling show that, in the case of InAs
photoexcitation, the main mechanism of generating THz
radiation is the Dember effect, whereas for GaAs the
generation process due to the built-in electric field prevails.
Similar work on calculating the Dember photo EMF and
THz generation in InAs upon excitation of the semiconduc-
tor, including by high-energy radiation with effects of
intervalley scattering, was carried out in Ref. [23]. It was
shown that, when exciting n-InAs by laser pulses with a
duration of 100 fs and a quantum energy of 1.55 eV, the
photo EMF reaches the maximum value nearly 100 fs after
the photoexcitation process. Note that the mechanism of
photo EMF emergence in this case has a reactive nature and is
caused by the asymmetric expansion of electrons upon their
reflection from the semiconductor surface.

Wafers of GaAs 0.3-0.5 mm thick, which attenuate the
radiation at frequencies higher than 5 THz due to absorption
by optical phonons, are most often used as substrates for the
formation of photoconductive layers. To increase the PCA
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bandwidth, technologies are being developed for transferring
the photoconductive layer to an alternative substrate of
nonpolar material [113], of the epitaxial growth of photo-
conductors on silicon [114] or germanium [5, 115] substrates.
For example, Ref. [5] shows the possibility in principle of
obtaining THz generation with a spectral width up to
70 THz.

There are a number of physical processes that reduce the
efficiency of THz generation in PCAs. First, screening effects
lead to the saturation of power. They include radiation
screening, i.e., a decrease in the applied bias field at the
expense of the generated THz field [62, 116, 117] and the
screening effect related to the redistribution of the spatial
charge formed after photoexcitation, which reduces the bias
field (Coulomb screening) [59]. In wide-aperture PCAs,
Coulomb screening is less manifested due to more homo-
geneous photoexcitation and a large surface area. In
Ref. [117], it is quantitatively shown that, in wide-aperture
PCAs with an optical pump spot diameter > 100 pm, the
efficiency of optical-to-THz conversion is almost 100 times
higher than that in a dipole PCA with a pump spot diameter
of 7um. A group of nonlinear optical effects can be
distinguished among the effects affecting PCA efficiency.
These include the Burstein—-Moss effect related to the shift of
the conduction band edge because of saturation by none-
quilibrium carriers upon photoexcitation. The characteristic
time for filling the conduction band is from 1 ps in GaAs to
1.7 ps in superlattice GaAs/AlGaAs structures [118], which
can reduce the coefficient of absorption of the photoconduc-
tive layer in a PCA. In addition, the correct calculation of a
PCA based on GaAs (LT-GaAs) grown at a low temperature
requires taking into account the components related to light-
induced transparency [119, 120]. This effect manifests itself at
an ultrashort time interval of < 1 ps and is caused by the
presence of trap energy levels in the band gap of LT-GaAs.
The change in the LT-GaAs refractive index with the self-
induced transparency taken into account can exceed 0.1 [119].

It is also necessary to consider the effects of delay and
nonstationarity of the electromagnetic interaction between
the current of photoexcited charge carriers and the electric
field of the generated electromagnetic wave. Using the self-
consistent solution of the nonequilibrium Boltzmann equa-
tion and Maxwell equations, the authors of Ref. [121]
established the fundamental role of an electron-hole plasma
bunch created as a result of photoexcitation and moving in
the transverse electric field. The generation of THz radiation
is possible at moments of the emergence and decay of this
bunch in the form of single or double pulses, depending on the
interaction with the boundaries of the semiconductor photo-
conductive layer.

Since the bottom of the conduction band in GaAs has a
multivalley structure with a fairly small energy difference
between the minima of I', L, and X valleys [122], the excess
energy of electrons can cause them to be projected to higher-
energy valleys [123, 124]. Due to the greater effective mass and
lower mobility of carriers in L and X valleys, this process can
substantially affect the dynamics of photoexcited electrons
and the efficiency of THz generation, depending on the
emitter type. In Ref. [125], the effect of the excess energy
received by electrons under pumping three types of semi-
conductors with different band gap widths and mobility on
the efficiency of surface THz generation is studied by
modeling. It is shown that the value of the initial kinetic
energy received by the electrons is of paramount significance,

because ballistic transport is the main mechanism of THz
generation in surface emitters. This was also experimentally
confirmed in Ref. [104], where, at the same pump energy, the
surface THz generation of radiation was studied in samples of
In,Ga;_,As with x varying from 0.3 to 0.7. Note that, in the
case of PCA, the carriers can acquire excess energy not only
when absorbing an optical pump pulse but also during drift in
the bias field applied to the PCA electrodes, which can exceed
10* V cm~!. In this case, the intervalley scattering of carriers
leads to a decrease in the photocurrent because of decelera-
tion of carriers that find themselves in high-energy valleys and
to the appearance of a negative peak in the THz wave packet
[126].

Several models have been developed to theoretically
describe the THz generation process in PCAs. The first
group of papers is based on the representation of a PCA
source as a semiconductor wafer with a surface current
oscillating during the optical pulse. Within the framework of
this model, the electromagnetic field emitted into free space is
determined using the boundary conditions, as well as through
the relation with the surface current [116, 127]. Since the depth
of optical pulse absorption in a semiconductor is comparable
to the wavelength, this approach is not correct enough. The
basic models to describe THz generation in PCAs are those
based on the solution to the system of drift and diffusion
equations [128, 129], and the Drude—Lorentz theory of charge
carrier transport [130, 131]. In Ref. [132], the semiclassical
Monte Carlo model from Ref. [112] was extended to describe
the THz generation process in PCAs. As a result, the authors
identify two regimes with different mechanisms to limit
generation power:

e through pumping with ultrashort pulses with a duration
of < 40 fs, the limiting is due to the Gaussian distribution of
energy in the pulse;

e for pulses with a duration of > 40 fs, the dominant
mechanism is Coulomb screening.

The authors of Ref. [133] in their model considered
effects associated with ‘hot’ carriers under the maximum
possible power of laser excitation and magnitude of the PCA
bias field. The model of energy transport balance was used
to describe the effects of saturation and overshoot of
photocurrent. It is also necessary to note theoretical studies
on describing the THz generation process in photomixers
[134, 135].

2.2 Generation of terahertz radiation in p—i—n diodes

p—i—n photodiodes are also often used as semiconductor THz
radiators. They cannot surpass semiconductor PCAs in the
pulsed mode because the power of THz generation is not high,
although their efficiency can exceed that of p-InAs PCA in the
regime of a surface THz emitter for a power density of
< 0.7 pJ cm™2 [136]. Thanks to the maximum quantum
efficiency and the capability of optimizing the frequency
characteristic by tuning the region responsible for the flight
time of carriers, these structures are mainly applied in systems
for photomixers, operating in the continuous or quasi-
continuous oscillation mode, in which the photocurrent is
modulated at the optical beating frequency arising from a
superposition of two laser sources [137, 138]. A classical p—i-—n
photodiode consists of a semiconductor layer with intrinsic
conductivity (i), where the absorption of the optical pulse
occurs, and the surrounding layers with acceptor (p) and
donor (n) types of doping (Fig. 4a). The absorption of
photons leads to the formation of electron-hole pairs in the
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Figure 4. Schematic image of the energy band structure and transport of charge carriers in (a) p—i—n photodiode and (b) photodiode with a unidirectional

transport of carriers [143].

i layer. Under the action of the built-in field, nonequilibrium
electrons and holes drift towards the n and p layers,
respectively. Hence, the contribution to the generated
photocurrent comes from both the electrons and the holes.
While the electrons with a small effective mass can rapidly
accelerate, the effective mass of the holes makes them an
order of magnitude slower [122].

Although the silicon p—i—n photodiode was studied back
in 1991 [139], GaAs-based p—i—n— photodiodes were first used
to generate THz radiation in Ref. [140]. In this study, the
authors also established the presence of the drift velocity
overshoot in photodiodes and the dependence of THz
radiation intensity on the magnitude of this overshoot. The
flight time of ‘heavy’ holes from the i layer to the p layer leads
to the photocurrent saturation in classical p—i—n photodiode
structures and is the main factor limiting the high-frequency
part of the spectrum. As an alternative photodiode design,
free of such a limitation, a uni-traveling-carrier photodiode
model was developed [141, 142], in which the p-doped
photoabsorbing layer is located adjacent to a high-bandgap
intrinsic layer serving to collect the carriers (Fig. 4b). On the
anode side, there is a layer inhibiting diffusion of electrons,
due to which a unidirectional motion of electrons towards the
collector is formed. Such a construction ensures spatial
separation of the absorbing region and the region of carrier
acceleration.

Using devices based on the uni-traveling-carrier principle,
THz generation powers of ~ 300 and 2.6 uW were reached at
0.3 and 1.04 THz, respectively [144]. The authors of Ref. [145]
obtained a record-breaking continuous generation power of
~ 1.04 mW at 0.28 THz.

One more approach to increasing the efficiency is based
on using the combined superlattice construction of p—i-n
photodiodes, in which several individual diodes are placed
one over another [146]. Each individual p—i—n photodiode is
optimized to minimize the flight time of photoexcited charge
carriers, which is achieved by reducing the i layer thickness to
ensure ballistic transport. This significantly decreases the
frequency spectrum fall caused by the time of flight. In
Ref. [147], based on a superlattice p—i—n photodiode, a
generation power of 1 pW at 0.4 THz is demonstrated in the
continuous mode.

2.3 Using nonlinear media

Depending on the optical scheme, one and the same
nonlinear medium can emit or detect freely propagating
electromagnetic waves due to optical rectification or linear
electrooptical effects, respectively [148, 149]. In terms of
transparency and values of the nonlinear susceptibility

coefficient, the following structures are suitable for opera-
tion in the THz range:

einorganic crystals LiNbO3; and LiTaO; [150, 151],
enabling significant THz electric field strengths [152];

e semiconductors GaAs [153], GaSe [154], GaP, InAs,
InP, and frequently used ZnTe [155];

e organic crystals DAST, DSTMS, OH1, HMQ-TMS,
BNA, EPHSI [156, 157];

e VO, [158] and other films experiencing a metal-to-
insulator transition.

In a nonlinear process, a high efficiency of conversion can
be achieved if the interaction length of electromagnetic waves
is large and the phase matching condition is fulfilled, which
happens when the phase velocity of THz wave propagation
coincides with the group velocity of the ultrashort laser pulse.
The THz and laser pulses become longer in the crystal because
of material dispersion, so that the above requirements
contradict each other: thinner crystals possess wider ranges
of THz generation and spectral sensitivity, but smaller
efficiency, and vice versa [155].

2.4 Using laser gas discharge plasma

To generate THz radiation and to detect it coherently in the
spectral range with a high-frequency boundary of up to
10 THz, the laser gas discharge plasma (filament) arising in
the optical breakdown of He, N, air, and other gases can be
used [159-161]. THz radiation generation as a result of
ponderomotive forces acting in the plasma was first demon-
strated by H Hamster [162]. The breakdown was initiated by a
single (fundamental) radiation wavelength; therefore, such a
regime was called single-color excitation. Later, it appeared
possible to increase the efficiency of optical-to-THz conver-
sion due to a transition to the (nonlinear) process of four-
wave mixing, in which a two-color laser excitation was used
for the gas breakdown simultaneously at the fundamental
frequency and the second harmonic frequency [163]. This
principle has also been used for the coherent detection of THz
radiation in gas-discharge plasma [164].

When generating THz radiation, a laser beam at the
fundamental frequency (800 nm) passes through a thin
crystal of beta-barium borate (-BBO), as a result of which
some of the radiation is converted into the second harmonic
(400 nm). The gas discharge plasma formation is implemen-
ted by using the focused two-color radiation. Detection is a
process inverse to two-color excitation, namely, two photons
at the fundamental frequency are mixed in the gas discharge
plasma with the THz photon, and, in the presence of an
external bias electric field, produce one photon of the second
harmonic, which is recorded by the photodetector.
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3. Time-domain terahertz spectroscopy
and imaging

The operation of a THz time-domain spectrometer is based
on generating short THz pulses followed by coherent
detection of their wave shape. The basic diagram of a THz
time-domain spectrometer is presented in Fig. 1. The Fourier
transform of the recorded time-dependent signal allows
obtaining broadband spectra of a THz wave complex
amplitude that carry information on its amplitude and
phase. To suppress Gibbs noises in the frequency domain,
the apodization procedure, i.e., window filtering in the time
domain, is carried out (e.g., using Tukey filters). Hence, the
time-domain spectroscopy allows obtaining the most com-
plete information about a THz wave based on a single
measurement. This makes possible the fast assessment of the
complex amplitude coefficients of absorption and reflection
by samples in a wide range of frequencies (=~ 0.1-3.5 THz or
wider), as well as solving inverse problems related to
reconstruction of the complex permittivity (or optical char-
acteristics) of a sample directly from the spectrometer signals
without using the Kramers—Kronig relations.

In turn, the methods of THz time-domain imaging imply
raster scanning of the studied object with a focused THz beam
(Fig. 5) with subsequent analysis of temporal or spectral
(amplitude or phase) information and the distribution of
optical or dielectric properties over the object aperture. The

image recorded by means of a THz time-domain spectrometer
contains much more information than does a usual 2D image
with a similar number of pixels. In THz time-domain imaging,
each pixel contains a time-dependent spectrometric signal,
which opens up wide possibilities for processing and analyz-
ing such data, followed by the construction of reduced
parametric images that are convenient for analysis with the
naked eye.

Figure 6 illustrates several parameters of time-dependent
signals and their Fourier spectra, which can be used to
construct THz parametric images of an object. Among them
we note the maximum amplitude 4(x, y) and the pulse delay
time 7,(x, y) in the time domain or the maximum amplitude
Fy(x,y) and the amplitude at a given frequency Fi(x, y) in the
frequency domain. The last characteristic is particularly
useful for THz imaging when the sample under study
possesses a characteristic resonant spectral response.

3.1 Terahertz imaging using classical optical systems

The principle of THz time-domain imaging was first
proposed in Ref. [165], where images of a microchip in a
plastic case and a plant lamina were obtained. Due to the
capability of THz radiation to penetrate through nonmetallic
packing, construction, and building materials, THz time-
domain imaging is used for quality inspection, defectoscopy,
and detection of hidden forbidden objects and substances
[166-168]. In Ref. [169], THz time-domain imaging is applied
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Figure 7. Chemical mapping of calibrated (a—f) and nonuniform composition tablets (g—p) [173]: (a—) chemical mapping of calibrated tablets with a
content of 20%, 10%, and 0% of caffeine cocrystal — oxalic acid; (d—f) transmission map at a frequency of 1.56 THz of maximum absorption in the
cocrystal, which is absent in absorption spectra of caffeine and oxalic acid separately; (g—p) chemical mapping of cocrystal in a compositionally
inhomogeneous tablet: (g, h) optical images; (i, j) composition diagrams of a tablet; (k, 1) THz amplitude images; (m, n) cocrystal weight fraction at
frequency of 1.56 THz; (o, p) absolute error in the calculated cocrystal concentration.

to water content determination in polyamide and a wooden-
plastic composite; the high sensitivity of the THz method is
demonstrated by comparing THz data with the results of
gravimetric measurements. In Ref. [170], this method was
used to detect hidden cavities in cases of integrated circuits to
determine their dimensions and thicknesses. In [171], THz
time-domain imaging allowed detecting hidden delamination
in a glass fiber-based polymer composite material, and, in
[172], it enabled detecting defects in welds of similar materials.

The methods of THz spectroscopy and imaging can be
used to recognize crystalline solid single phase materials
composed of two or more different molecular compounds
(cocrystals). In Ref. [173], THz time-domain imaging was
used to study cocrystals containing caffeine and oxalic acid,
pressed in inhomogeneous tablets (Fig. 7). The method
enables determining the mass fraction of a cocrystal in a
tablet with an accuracy of 0.3—-1.3%. Such investigations were
used not only in pharmaceutics to study salicylic acid and
sodium salicylate [174] but also in studies of low-temperature
spectra of cocrystals of more dangerous compounds, e.g.
CL-20/TNT [175].

THz time-domain spectroscopy and imaging open up new
possibilities in medical diagnostics, because they are non-
invasive and use natural (endogenous) markers to differenti-
ate healthy and pathological tissues [176]. The THz time-
domain imaging method has found application in the
diagnostics of benign and malignant neoplasms of various

nosologies and localization, traumatic damages, burns, scars,
tissue viability, hydration, diabetes, and other pathologies
[177-179]. Due to the small depth of THz radiation penetra-
tion into tissue (it is only ~ 10-100 um, depending on the
electromagnetic wave frequency and tissue type), THz
methods allow studying only superficial tissue layers. Corre-
spondingly, they may be applied noninvasively or with
minimum invasion to skin and other epithelial tissues,
coating the surface and cavities of the human body or
intraoperatively for other types of tissues and organs.

Despite the noticeable advantages of time-domain im-
aging in the THz range, it has a fundamental limitation — the
significant time spent on recording a single image, which
reaches several minutes or even tens of minutes [180].
Therefore, the search for ways to increase the recording
speed of THz images up to a real-time scale has been ongoing
since the advent of THz imaging methods. Existing
approaches to solving this problem can be conditionally
divided into two categories:

eimaging systems based on matrix THz detectors or
systems of THz beam sweeps [181, 182], in combination with
high-speed detectors;

eimaging systems based on single-pixel detectors and
principles of the encoding aperture, excluding raster scann-
ing [183].

Innovative detectors used in the first category of imaging
systems include microbolometer [184, 185] or pyroelectric
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Figure 8. Matrix PCA detector for THz imaging [76]: (a) schematic diagram of an 8 x 8-pixel array of antennas; (b) schematic of a polymer test object in
the form of a cross on a substrate; (c) test object microscopy; (d) THz image of the test object.

detectors [186], matrices of charge-coupled devices [187], and
detectors based on field-effect transistors with high mobility
of electrons in the channel [188]. However, in these cases, only
the intensity of the THz field is recorded, and the phase
information is lost. A promising approach that allows
reducing the data acquisition time, saving both the ampli-
tude and the phase information about THz waves, is to use
arrays of PCAs. In Ref. [76], a 64-pixel matrix detector
(8 x 8 elements) based on a 2D array of PCAs (Fig. 8a) was
incorporated in a THz time-domain spectrometer in combi-
nation with a spatiotemporal light modulator. In this
detector, the electric signal is simultaneously read out from
each of 8 pixels in a row, and the light modulator allows
probing a particular antenna within this row by means of a
femtosecond laser beam. In other words, the pixel row and
column in the array of antennas are selected by the electric
and optical readout, respectively. In the considered study, a
‘phase mask’ was considered as one of the objects for THz
imaging, which was fabricated by the polymer print method
and had the shape of a plastic cross 700 pm thick on a
substrate 700 um thick. Figures 8b, ¢ show a schematic
diagram of this mask and the microscopy of its central part,
and in Fig. 8d the cross is distinctly seen in the distribution of
THz wave amplitude, recorded by the matrix PCA detector.
In the current geometry of the matrix PCA detector, the
separation between the adjacent elements (pixels) in the array
and, correspondingly, the resolution of the THz imaging
amounted to 700 um. An alternative approach to recording
the space-time profile of a THz pulse consists in using wide-
aperture electrooptical detectors in combination with matrix
detectors of the probing laser beam [189-191].
Computational methods of THz imaging based on single-
pixel detectors and encoding apertures are attracting more

and more interest. In these systems, it is suggested that a set of
transparencies transforming the THz wave complex ampli-
tude be introduced successively into the space between the
object and a single-pixel detector [192]. The a priori knowl-
edge of the geometry of transparencies allows reconstructing
the object image from the observed signals of the detector, the
number of transparencies required for this aim being smaller
than the number of pixels in the reconstructed image [193,
194]. One of the first papers in the field of THz imaging
with encoding aperture is dated 2008 [195], where, for a
32 x 32-pixel image reconstruction, the authors needed only
300 transparencies. In Ref. [196], using this principle, a frame
scan rate of 6 Hz was achieved to record 32 x 32-pixel images,
i.e., the methods allowed bringing the THz imaging closer to
real-time. At the same time, methods of computational THz
imaging based on encoding apertures are characterized by
specific noises and distortions of images related to solving
inverse problems, which limit their practical application.

3.1.1 Confocal terahertz microscopy. To enhance the resolu-
tion, contrast, and magnification and to increase the signal-
to-noise ratio in THz imaging system, the principle of
confocal microscopy is also used. First proposed by
M Minsky [197] for optical range microscopy, it was later
adapted for THz imaging as well. The principle of confocal
microscopy consists in using a pinhole diaphragm placed in
the plane conjugate to the focal plane of the objective lens.
The diaphragm blocks the flow of scattered radiation coming
from sample sections other than the focal plane of the
objective lens, which improves the contrast and resolution
not only in the focal plane, but also over the sample depth.
The first experimental study on using a confocal diaphragm in
the THz range was carried out by the authors of Ref. [198].
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Figure 9. Results of studies: (a) optical photograph of a green leaf; (b) high-
contrast THz confocal microscopy image of this leaf with distinctly
recognizable veins. Recorded with a resolution of 90 x 160 pixels;
(c) magnified image of the region highlighted with white in Fig. b,
recorded with a resolution of 200 x 200 pixels; (d, ) optical photographs
of two paper sheets with pencil-drawn symbols. For further studies, an
object is composed of the sheets, in which (d) is located coaxially above
(e) at a distance of 1.2 mm; (f, g) an image of the object, obtained by
confocal THz microscopy focusing on the front and back plane, respec-
tively. The resolution of the images is 120 x 100 pixels [200].

They used the classical pump—probe scheme of a THz
spectrometer based on PCA of semi-insulating GaAs; in this
case, a confocal diaphragm was inserted into an intermediate
focal plane of the optical system. By analyzing a specially
fabricated test sample, making it possible to determine both
the spatial resolution and the depth selectivity of THz image,
the authors demonstrated that the use of the confocal
diaphragm substantially improves the image contrast and
ensures a resolution of at least 4/4.

In subsequent studies, the confocal THz microscopy
method was applied using a CW laser. In particular, in [199],
an optically pumped CH;OH gas laser operating at a
frequency of 2.52 THz (A=118.9 um) was used as a source.
The lateral resolution in the system amounted to 310 pum,
which is 1.5 times better than that of a traditional system with
the same optical scheme (for comparison, 460 um). In
addition, the authors estimated the axial (depth) resolution,
which amounted to 400 um. In Ref. [200], a quantum cascade
laser generating at a frequency of 2.9 THz was used for the
first time as a source of radiation. The lateral and axial
resolution was 70 pum and 400 pm, respectively, with a
substantial contrast enhancement as compared to the tradi-
tional scheme. An example of the image obtained in the
confocal microscopy scheme is presented in Fig. 9.

The authors of [201] created a double-axis confocal
microscope with an axial resolution of 6770 um operating at
a frequency of 2.52 THz. Due to the crossing of the optical
axes, the double-axis scheme provides a better resolution than
the single-axis one does, and allows increasing the distance to
the object. According to the results of the study, the
resolution in the transverse and longitudinal direction
amounted to 353 pm and 314 pum, respectively.

It is not only a pinhole that can be used as a confocal
diaphragm. In Ref. [202], a system was presented where a
focused THz beam is incident on a dielectric cube-like lens.
When the radiation passes through this lens, a so-called
subwavelength photonic jet is formed at the output [203]. At
a characteristic frequency of 0.125 THz, the jet size and the lens
output was 0.554, whereas in Ref. [204] the result was
improved to (0.39—0.41)A. Among recent publications,
theoretical paper [205] is worth special attention, where a
lens-free system of THz imaging based on confocal waveguides
was used. Instead of focusing lenses, the authors used hollow
waveguides with small losses, comprising a hollow cylindrical
polymer carcass, the inner cavity of which was coated with
aluminum foil. In addition to the simplicity of manufacturing,
the waveguides ensure additional subwavelength focusing with
a limit resolution of 0.54 and a frequency of 0.1 THz.

3.2 Terahertz tomography

As with other methods of tomographic investigations, THz
tomography implies the reconstruction of the internal
structure of a 3D object. Let us consider two kinds of THz
tomography that differ in principle:

o time-of-flight tomography, based on the analysis of echo
signals (pulsed responses) due to the reflection of THz pulsed
radiation from layered objects;

e computer tomography, based on the analysis of THz
radiation transmission measured at different aspect angles
using the Radon transform.

3.2.1 Time-of-flight tomography. The method of THz time-
domain spectroscopy allows direct depth profiling of multi-
layer structures. When a THz pulse is incident on such a
structure, the wave is reflected from the interfaces, so that the
resulting reflected signal consists of a series of pulses,
corresponding to different interfaces (Fig. 10). The analysis
of wave shapes relative to the arrival time with a resolution of
~ 10—100 fs allows investigating the sample structure layer-
by-layer and estimating the position of interfaces with micron
accuracy. Moreover, by analyzing the instantaneous ampli-
tude of the reflected field, it is possible to solve lidar inverse
problems and reconstruct refractive index profiles over the
depth of the sample [206].

The first studies in the field of THz time-of-flight
tomography consisted in the determination of the distance to
an object in the THz range [207]. For example, Fig. 11 [208]
shows the results of time-of-flight THz tomography of a razor
blade lying on a metallic surface in the form of delay maps of
the reflected THz pulse and its maximum amplitude for every
point of the object. In the left part of the tomographic image,
individual reflecting surfaces and characteristic elements of the
blade can be distinguished, whereas in the amplitude image
(right) no individual surfaces can be distinguished because of
close reflection coefficients and the lack of phase information.

In Ref. [209], images of a computer diskette were
obtained, in which its constituent parts are distinguishable:
the front and back parts of the case, the magnetic disc, and the
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Figure 10. Schematic diagram of THz pulse reflection from a multilayer
dielectric medium.

Figure 11. THz time-of-flight tomography of a razor blade on a metallic
surface [208]: (a) analysis of the arrival time of the reflected THz pulses;
(b) analysis of the maximum amplitude of the reflected THz pulses.

metallic bush. In Ref. [210], the method was applied to detect
starved-joint defects in the bulk of a polymer composite
material and to determine the depth of their deposition.

A promising application of THz time-of-flight tomogra-
phy is considered in Ref. [211]. The author studied defects in
the foam thermal insulation in a space shuttle, which is of
fundamental importance for the safety of space flights. Such a
medium has a low density and absorption coefficient; it is
extremely hard to study using traditional ultrasonic and X-ray
methods. In turn, due to its high sensitivity to minor changes
in the THz optical properties of the material, time-of-flight
tomography allowed determining both the air-filled cavities
in its bulk and material delamination in the regions under
study. In Ref. [212], using a broadband source of THz pulses
based on the 4-dimethylamino-N-methyl-stilbazolium tosy-
late nonlinear crystal excited by laser pulses with a duration of
only 17 fs in combination with the deconvolution of THz
pulsed signals, the authors obtained a tomographic image of a

multilayer structure with a layer of GaAs only 2 um thick
(Fig. 12).

The authors of Ref. [213] proposed a method of
mathematical processing of the signals of time-of-flight THz
tomography to analyze optically thin layers, for which the
ratio of the layer thickness to the refractive index is less than
half of the wavelength. For such a small thickness, the pulses
reflected from different layers overlap each other, which
makes it impossible to precisely determine the pulse arrival
time. To solve this problem, the authors proposed a method
of time-dependent signal deconvolution using autoregression
spectral extrapolation based on the modified covariance
method. The method allows achieving even greater resolu-
tion in the analysis of fine multilayer structures.

3.2.2 Computer tomography. Computer tomography in the
THz range, in general, uses the same principles as X-ray
tomography, namely, a series of 2D shadow (transition
geometry) images of an object rotating about its axis is
recorded. Then, using the Radon transform [214, 215], the
inverse problem of computer tomography is solved and a 3D
image is reconstructed, reflecting the distribution of the local
coefficient of THz absorption. It is important to note that, in
contrast to the X-ray range, the refractive indices of the
objects of study substantially differ from that of the free
space (n > 1.0), which gives rise to a refraction of the THz
radiation at the interfaces. It is extremely hard to take this
effect into account when solving the inverse problem of
computer tomography, which leads to a distortion of the
resulting THz thermograms, while substantially restricting
the scope of media to be studied by this method. Moreover,
this method is inapplicable to opaque (strongly absorbing)
dielectric media in the THz range, including biological tissues
and other water-containing objects.

THz computer tomography was first implemented in
Ref. [216], where the authors used a piece of turkey bone ex
vivo as the object of study. The transmission of broadband
THz pulsed radiation through the sample was recorded at
different aspect angles, and the inverse projection algorithm
with filtering, for which the amplitudes of THz pulses served
as the input data, was used to reconstruct the THz tomogram.
Figure 13 shows the experimental system and an example of
3D image reconstruction. Forming such a THz tomogram
required raster scanning of the object with a beam
(100 x 100 points) from multiple aspect angles.

In Ref. [217], test objects in the form of a polystyrene
vessel with various materials inside it (metal, Teflon, glucose,
and lactose) were studied by means of THz computer
tomography. Using a focused beam of THz pulsed radia-
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Figure 12. THz time-of-flight tomography of a semiconductor structure with a GaAs layer 2 um thick [212]: (a) schematic of the semiconductor structure;

(b, ¢) THz image and its magnified region with the GaAs layer.
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Figure 13. THz computer tomography of a turkey bone ex vivo [216]: (a) schematic diagram of the experimental setup based on a THz time-domain
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Figure 14. THz computer tomography of soot filters for combustion engines [218]: (a) schematic diagram of a soot filter with three cavities filled with soot;

(b, ¢) THz tomograms of the filter.

a I — | b

m ? 5mm

w
2

Figure 15. THz computer tomography completed with neural network techniques [220]: (a) schematic diagram and (b) photograph of a test object,
composed of a paper vessel, polymer block, and metallic screw; (c, d) THz tomograms of the test object.

tion, the inner structure of the vessel was studied with a
resolution up to 0.4 mm. Moreover, the THz computer
tomography allowed differentiating materials by the char-
acter of the reconstructed spectra of their absorption.

In Ref. [218], THz computer tomography was applied to
nondestructive control of soot filters for combustion engines
having a cellular ceramic structure. First, the THz spectral
characteristics of a clean filter and the soot were studied, after
which a method of assessing the amount of soot in a dirty
filter was developed based on the THz spectra. Then, the
dependences of THz radiation transmission through the
filters on the frequency and the incidence angle were
recorded. Using a Gunn diode as a source of radiation at
65 GHz, three-dimensional images of the filter were obtained
by means of THz computer tomography with clearly-seen
cavities filled with soot (Fig. 14).

In Ref. [219], the speed of THz computer tomography was
significantly increased by using a high-power source of THz
pulses based on an LiNbOj crystal (electric field strength up
to 7 kV cm™!). The total time of recording THz images for
tomographic reconstruction was 6 min.

To increase the efficiency of THz computer tomogra-
phy methods, the processing of THz images and the
solution to the inverse problem were completed with
neural network methods [220, 221]. A neural network
allows processing THz images (projections) represented in
both space-time and space-frequency domains, after which
the Radon transform is applied to reconstruct the THz
tomogram. Figure 15 shows an example of recording a
THz tomogram by a system completed with a neural
network.

Reference [222] is devoted to the study of internal
defects of high-voltage cables by means of THz computer
tomography. In this paper, a frequency-modulated ima-
ging system with a continuous-wave radiation source is
used. Linear scanning with axial rotation makes it possible
to acquire a three-dimensional data array and to construct
a three-dimensional cable image. The image enables
distinct characterization of air- and water-filled cavities in
the polyethylene insulation, as well as an assessment of
twisting a multicore cable inside and the ruptures of
individual cores.
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3.3 Near-field terahertz scanning microscopy

All the THz imaging techniques described above operate in
the far field mode and exploit diffraction-limited lens or
mirror optical systems; therefore, their space resolution is
restricted by the Abbe diffraction limit (= 0.5/ upon focusing
in the free space). It is possible to overcome this fundamental
physical limit by means of various methods of scanning probe
near-field optical microscopy.

The first experimental studies in the field of THz scanning
probe near-field microscopy were carried out back in the
1990s [223, 224]. Since that time, various designs of such
systems have been proposed based on various types of near-
field probes: subwavelength apertures [225-228], cantilevers
(metal needles) [229-231], electrooptical probes [232, 233], or
miniature photoconductive THz detectors [234, 235].

3.3.1 Systems based on subwavelength apertures. In pilot
studies on THz near-field microscopy, a subwavelength
aperture [223] was used to restrict the THz spot size, by
analogy with the known methods used in the visible [236, 237]
and IR [238] ranges. In this case, the aperture was a sharpened
metal conical tip with a subwavelength hole at the narrow
end, the resolution in the recorded image being determined by
the hole size. Although a smaller aperture diameter d provides
a higher resolution, the energy characteristics of such a
microscope (e.g., signal-to-noise ratio in the recorded
images) sharply fall with a decrease in d[239-241].

Various geometries of the subwavelength aperture have
been investigated. In Ref. [242], the authors proposed using
as the near-field dynamic aperture a laser beam focused on
the studied sample to provide a local change in its con-
ductivity, the space resolution of the methods being deter-
mined by the sharpness of the laser beam focusing. When
studying a metallic drawing on a GaAs substrate, a resolution
of < 50 um was achieved. In [243], a resolution of up to
~ A/100 was obtained at a frequency of 1 THz, the aperture
size being 3 um. The aperture diameter determines the
frequency of radiation that can be passed through it. The
minimum frequency of possible transmission is called the
cutoff frequency vy, below which a substantial decay of the
signal occurs [244]. A few approaches are being developed
that ensure the possibility of working at frequencies below vy.
The authors of Ref. [245] used a plasmonic waveguide based
on two metallic plates to enable a resolution up to 1/250. In
Ref. [246], a double-needle probe was proposed, which, due to
surface plasmon modes, provides a resolution of THz
imaging to 10 pm. In Ref. [247], an aperture with increased
transmission at frequencies below vy is proposed. The authors
of [248] created a truncated cone-shaped aperture probe of
plastic, providing a resolution up to 6 um at 0.11 THz, or
2./450.

A subwavelength aperture can be used together with a
subwavelength THz detector. In Refs [226, 241], the aperture
was fabricated and localized in the immediate vicinity of the
PCA detecting region. In this case, the PCA is more sensitive
to the weak field of evanescent waves passing through the
aperture. For object raster scanning with such an aperture,
the resolution achieved 7 pm at 0.2 THz, or 1/200. In
Ref. [249], a near-field aperture was also combined with a
PCA detector, the antenna comprising an AlAs/Alg,GaggAs
Bragg reflector under an LT-GaAs photoconductive layer
and an array of gold nanoantennas on the photoconductor
surface. This structure allowed demonstrating a subwave-
length resolution up to 2 um at 1 THz, or 4/150.

The idea of integrating a near-field probe with a detector
was developed in Ref. [250]. For detection, a thermoelectric
mechanism was used in the channel of a field-effect transistor,
consisting of asymmetric electrodes and an InAs nanostring
channel between them. This idea was tried for THz imaging in
Ref. [228], where a system of supersensitive subwavelength
imaging has been manufactured, including the above detec-
tor, an aperture 18 um in diameter, and an interferometer
optical system based on a THz quantum cascade laser. The
achieved minimum detected power amounted to 7.6 nW.

3.3.2 Aperture-free near-field terahertz microscopy. The
method of scanning probe near-field optical microscopy
developed in the 1990s and based on a subwavelength
scattering cantilever [251, 252] was translated to the THz
range in the 2000s [253, 254]. The cantilever (a sharpened
metallic probe) was kept near the sample surface at a distance
of the order of the probe tip curvature radius [230, 231] and
was illuminated with a focused THz beam. The conditions for
THz field scattering at the cantilever tip depend on its
closeness to the object and on local optical and structural
properties of the object. The field scattered by the cantilever is
detected in the immediate vicinity of it [253] or in the far-field
zone. To increase the signal-to-noise ratio in the recorded
signals, the probe oscillates in the direction normal to the
object surface at a low frequency (~ 100 Hz) at which THz
signal demodulation is then performed using the synchronous
detector principle.

To physically interpret the data of this kind of THz
microscopy, a model where the ‘cantilever—object surface’
system forms a Mie scatterer was proposed [255, 256]. Within
the framework of the Mie theory, the probe is considered a
simple spherical scatterer placed above the plane surface. This
approach was first used by the authors of Ref. [257], who
based it on the quasiclassical theory to describe the interac-
tion between a polarized sphere approximating the probe and
its image in the sample, induced by surface charges. Although
this model provides adequate interpretations of near-field
microscopy in the visible and IR ranges, the authors of [255]
note that it does not agree with the data they have obtained.
To explain this fact, a model is proposed in which the probe
tip is not considered to be a Mie scatterer, but a dipole
antenna resistively and inductively coupled to the incident
THz radiation. A similar model is used in Ref. [258] to explain
the relatively weak decay of the near field amplitude upon
increasing the gap between the tip and the surface. A
comparison of different models is carried out by the authors
of Ref. [259]. K Moon et al. [260, 261] proposed a new
analytical theory, which is in perfect agreement with the
experimental results. In this theory, the probe is approxi-
mated not simply as an individual point dipole but as a
continuous distribution of dipoles over its volume, which
commonly is replaced by a point dipole for simplicity.
V N Trukhin et al. [262] studied the processes of scattering
of pulsed THz radiation by metallic probes of a near-field
microscope, including those occurring under an increase in
the modulation amplitude in the vertical direction of the
probe. They showed that, in the process of scattering of a
plane electromagnetic wave by a metallic probe, the excitation
of diffraction edge waves at the light-shadow interface plays
an important role. Since, upon an increase in the probe
oscillation amplitude, the signal at the modulation frequency
can become comparable to the THz near-field signal [263], to
study the effect of interaction of the near-field component of
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the electric field with the object near the probe, it is necessary
to modulate the oscillation amplitude of the probe so that the
phase modulation contribution to the registration of the THz
near-field signal is a minimum. It is important that the spatial
resolution of THz scanning probe near-field microscopy
based on a metal cantilever be determined by the sphericity
radius of the probe tip and its separation from the sample
surface. The values of both can be much less than the THz
wavelength, and the THz imaging resolution can reach
1073 -10742.

Direct detection of the THz field scattered by a cantilever
was used in Ref. [253], where an electrooptical (100)-oriented
GaP crystal with a sample placed on it was used as a detector.
At the expense of scattering in all directions, the immobile
probe tip creates a field with components of all polarizations.
The choice of such a crystal allows making the system
insensitive to the incident THz field and detecting only the
near-field components oriented perpendicular to the crystal
surface. The resolution of this system reached ~ 8 pm when
operating in the frequency band of 0.1-1.5 THz. Although
direct detection due to the closeness of the detector to the
probe provides a high signal-to-noise ratio, this method did
not become widespread.

Based on the scheme with an oscillating probe, various
studies have recently been carried out. Reference [264]
investigated the effects of the near-field interaction of THz
radiation with graphene ribbons near a metallic probe of an
atomic force microscope. In Refs [265, 266], using THz near-
field microscopy, subwavelength metallic nanostructures
were investigated in the frequency range from GHz to THz,
as a result of which it was discovered that, in this range, the
near-field contrast of the studied object extremely highly
depends on the transverse dimension of the nanostructure,
in contrast to the spatial resolution. The observed contrast
also depends on the connection of the nanostructures to the
massive ground bus. The results obtained can be explained
using quasi-electrostatic analysis, taking into account the size
and geometry of metal nanostructures.

In Ref. [267], a THz near-field microscope was developed
based on a detector-free laser interferometer system with
feedback, in which a semiconductor laser was used simulta-
neously as a source and as a phase-sensitive detector. This
scheme is remarkable for its high compactness, and its
implementation allows extending the area of THz micro-
scopy application. It was established that the best result from
the point of view of signal-to-noise ratio is ensured in the
strong feedback mode, in which the THz microscopic image
of a particle of the topological insulator Bi;Te;,Seyg only
39 nm in size (diameter), having active phonon modes in the
range of 1.6-2.8 THz, was obtained [268].

To date, imaging individual small biological objects, such
as protein molecules, has been a nontrivial problem, also due
to the weakness of THz waves backscattered by them. In
Ref. [269], this problem was solved using a graphene substrate
with a high reflection coefficient, on which the molecule was
placed, and a high-efficiency platinum near-field probe. In
this way, a topographic and THz near-field image of a single
molecule of immunoglobulin G and a molecule of ferritin a
few nanometers in size were obtained.

The authors of Ref. [270] proposed a setup with a THz
near-field microscope, in which a quantum cascade laser at
4.2 THz as a source and a quantum well photodetector with
resonance absorption at the source frequency are used. The
high speed of this detector is important with regard to the high

modulation rate of the THz beam power flux by the
oscillating probe. By means of this THz microscope, images
of nanostructures are obtained with a spatial resolution of
95 nm, or &~ 1/752. In Ref. [271], the possibility of using THz
near-field microscopy for studying photonic modes in
microcavities was studied. Near-field images were obtained
of the electric field distribution in the arms of the logarithmic
spiral PCA (Fig. 16d) in the mode of photoexcitation at a
frequency of 2.5 THz. The results turned out to be unexpected
because of the asymmetry in the field distribution, which was
not observed in the calculated distribution (Fig. 16¢). The
authors concluded that the interpretation of THz microscopic
images of the local electric field is nontrivial and the result of
imaging strongly depends on the probe position.

Unique for near-field THz imaging are the studies by
R Stantchev et al. applying the well-studied classical far-field
imaging method of a single-pixel detector [272] and further
development of these studies with the implementation of the
compressed sensing algorithm [273]. In [272], the authors
projected a time-dependent optical pattern of high intensity
(> 100 pJ cm~2) on a silicon substrate 115 um thick, which
spatially modulated the transmitted THz pulsed radiation.
The object of study was placed at the back side of the
substrate and the single-element detector fixed the trans-
mitted THz pulse in the far-field zone, depending on the
encoding mask formed in the object plane. Images of a
printed circuit board were obtained with a subwavelength
resolution of & 100 pm at 0.75 THz, or ~ 4/4. In Ref.[273], a
similar system of measurements was used, except the
thickness of the silicon substrate was 6 um. The ultra-thin
substrate allowed achieving a resolution of ~ 9 pm at
0.75 THz, or = 1/45.

3.3.3 Solid immersion microscopy. Another method of near-
field imaging is microscopy based on the solid immersion
effect. This approach was first proposed in 1990 for optical
schemes in the visible and near IR ranges [274, 275] and was
recently implemented in systems in the THz range [276, 277].
The solid immersion effect makes it possible to enhance the
spatial resolution of an optical system by focusing a beam of
electromagnetic radiation at a small distance (~ A1) behind an
immersion lens with a high refractive index [278]. The
immersion lens, as a rule, is made in the form of a truncated
sphere and is placed so that the converging beam is incident
concentrically relative to the spherical surface [279]. Hence,
no refraction of the rays occurs in the immersion lens, and the
enhancement of the spatial resolution is achieved by focusing
the beam in the near—field zone on the back side of the lens.
Due to the high refractive index ng; of the lens, the high-
aperture part of the beam experiences total internal reflection
(TIR) (O1ir < 0 < Omax, Where O1yr is the TIR critical angle,
Omax 1s the aperture angle) at the immersion lens—object
interface, which is accompanied by the excitation of evanes-
cent waves, which interfere with the low-aperture part of the
beam (0 < Orir) experiencing a usual Fresnel reflection and
form the resulting caustic of the optical system (Fig. 17a). The
advantage of this approach over methods of scanning probe
microscopy is the high energy efficiency due to the absence of
subwavelength diaphragms and cantilevers, whereas the
spatial resolution of a THz microscope based on the solid
immersion effect may reach 0.154 [276, 280], which is
comparable to some systems of scanning probe microscopy.
As a rule, this method is applied in combination with point-
by-point scanning of the object’s surface [276, 278]; however,
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Figure 16. THz near-field microscopy of the electric field in the arms of a logarithmic spiral PCA [271]. (a) Schematic diagram of a THz microscope where
the beam from a methanol gas laser pumped by a CO; laser at a frequency of 2.522 THz passes through a microscope interferometer and is focused by a
parabolic mirror on the oscillating tip of the probe. Parabolic mirror also collects the scattered radiation in the near field. Optical signals are joined with
the reference arm of the interferometer and detected with an InSb hot-electron bolometer. (b) Side view of the parabolic mirror, probe, and sample.
(c) Calculated near-field image of electric field intensity (| E. 2) distribution for a PCA with logarithmic spiral topology in the detector mode. Scale bar is
30 pum. (d) Experimental image of the electric field distribution for a PCA with logarithmic spiral topology in the detector mode: on the left — full-scale
with scale bar length of 30 pm, on the right — magnified central part of the PCA with scale bar length of 5 pm is shown.
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Figure 17. (a) Schematic diagram of focusing a THz beam in an optical system based on the solid immersion effect [279]; (b—d) photograph, THz image
and the distribution of the refractive index of intact tissue of the rat brain ex vivo, obtained using a THz microscope based on the solid immersion effect;
(e—g) similar images for the glioma model 101.8 in the rat brain [285].

systems have also been proposed recording THz images in a
large field of view [281].

Earlier, the prospect of applying THz microscopy based
on the solid immersion effect for nondestructive testing [280]
as well as in biomedicine [278, 282] was shown. The results of
THzimaging of various types of biological objects and tissues
allowed distinguishing their subwavelength features and

structures. In particular, this method made it possible to
obtain THz images of fat cells and their agglomerations in the
connective fibrous tissue of mammary glands [278], as well as
intact rat brains and the glioma model 101.8 (Fig. 17c, f) [283,
284]. In addition, a method of analyzing images of THz
microscopy based on the effect of solid immersion was
proposed, which allowed assessing the distribution of the
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refractive index in the object based on the recorded intensity
of CW THz radiation [285]. Figures 17d, g show an example
of the assessment of the refractive index distribution in the
intact brain and glioma 101.8 in the rat brain ex vivo using the
data of THz microscopy based on the effect of solid
immersion at a wavelength of 2 = 500 um.

Since the resolution of an optical system based on the
effect of solid immersion depends on the refractive index of
the immersion lens [286], the use of new materials for its
manufacturing is a promising way of developing this method.
For example, in Ref. [278], a composite material produced by
sintering powders of polypropylene and titanium dioxide
(TiO;) was used to produce an immersion lens, which
allowed reaching a resolution of 0.24. The use of composite
materials makes it possible to control the optical properties of
the immersion lens and, therefore, to change the character-
istics of the system.

4. Conclusion

The paper presents a review of multispectral imaging results,
which became possible due to progress in the up-to-date
optoelectronic component base and, particularly, optical-to-
THz switches and systems of time-domain THz spectroscopy
based on them. The considered switches are based on the
following physical principles: charge carrier acceleration in
semiconductors when using photoconductive antennas and
methods of increasing their efficiency, as well as the genera-
tion of THz radiation in p—i—n diodes with the use of
nonlinear media of gas discharge plasma.

The most relevant methods of imaging in the THz range
are analyzed and the results of studies are presented. For THz
imaging methods based on classical optical schemes with
diffraction-limited resolution, along with topical results,
approaches to reducing the imaging time at the expense of
single-pixel detection or compressed sensing are considered.
The results of applying the confocal microscopy approach to
the THz range are presented. In the section devoted to
reconstructing 3D images in the THz range, tomographic
imaging methods are described. They include time-of-flight
tomography that enables profiling the depth of multilayer
structures and computer tomography based on the well-
known Radon transform adapted to time-domain THz
spectroscopy. The principle of operation is presented and
the existing problems and results of imaging by means of
near-field THz scanning probe microscopy (beyond the Abbe
diffraction limit) based on subwavelength apertures and also
more advanced aperture-free near-field microscopy are
discussed. Microscopy methods based on the solid immer-
sion effect are considered.
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