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Abstract: Terahertz functional devices are essential to the advanced applications of terahertz radiation
in biology and medicine, nanomaterials, and wireless communications. Due to the small size and
high plasma frequency of microplasma, the interaction between terahertz radiation and microplasma
provides opportunities for developing functional terahertz devices based on microplasma. This paper
reviews the applications of microplasma in terahertz sources, terahertz amplifiers, terahertz filters,
and terahertz detectors. The prospects and challenges of the interdisciplinary research between
microplasma and terahertz technology are discussed.
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The field of terahertz (THz) spectroscopy, imaging, and technology has grown dramatically over the last three decades due to its promising THz applications in explosives
detection [1,2], biology/medicine [3], wireless communication [4], and radio astronomy [5].
The THz frequency range generally refers to the 0.1–10 THz range, which is between microwaves and infrared light in the frequency band [4,6]. With photon energies in the meV
range, THz radiation interacts strongly with matters that have characteristic lifetimes in the
picosecond range and energetic transitions in the meV range, such as absorption resonances
of molecules, chemical reactions, dielectric relaxation and vibrational spectroscopy of liquids, weak collective excitations in solids, and biomolecular collective motions [7]. These
characteristics make THz radiation a unique tool for numerous applications. For example,
THz radiation does not ionize molecules because of its low energy, presenting a significant
advantage in medical imaging over X-rays [8]. THz spectroscopy can act as spectroscopic
fingerprints for material identification because molecular crystals possess vibrational absorption bands in the THz range [9]. Compared with microwave frequencies, the THz
spectral region offers a higher available bandwidth, which could meet the ever-growing
demand for higher data transfer rates in wireless communications [10]. THz images also
have the advantage of superior spatial resolution due to the shorter wavelength [11]. Compared with infrared frequencies, many common materials are relatively transparent for
THz radiation to penetrate, including common packaging materials such as paper, plastics,
and composites [1]. The THz region has been considered the last remaining scientific gap
in the electromagnetic spectrum, which is underdeveloped but ripe for exploitation. One of
the fundamental reasons is the lack of many functional devices in the THz frequency range.
Terahertz sources, amplifiers, filters, and detectors are necessary functional devices in
THz spectroscopy, imaging, and technology. Proof-of-concept experiments and simulations
have shown that microplasma interacts strongly with the THz radiation, making it possible
to be part of THz functional devices. Microplasma sources have been applied to light
sources, material processing, plasma medicine, and electromagnetic wave control [12].
Microplasma usually refers to a plasma with a feature size of less than 1 mm. Atmospheric
pressure microplasma is of high electron density and low gas temperature. Due to its
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plasma frequency in the terahertz range and featured size, microplasma is well suited to
interact with THz radiation in principle [13]. The relative plasma permittivity is dependent
on the plasma frequency, the frequency of incident electromagnetic waves, and the collision
frequency between electrons and molecules or atoms, which has been described by the
well-known Drude model [14]. The relative plasma permittivity is easily tuned by applied
voltages or input electric power, which can be positive or negative. From the perspective of
dielectrics, microplasma has a nonlinear refractive index and behaves like a metamaterial
for THz radiation modulation [15]. It has advantages of fast dynamic response, reconfiguration, and adjustability compared to other methods based on the temperature [16], magnetic
field [17], and pressure [18]. At present, extensive works have shown that microplasma
plays an important role in THz functional devices, such as THz sources, amplifiers, filters,
and detectors. However, although several reviews on the development of THz spectroscopy
and imaging [11], THz clinical application [8], THz communication [19], and extreme THz
science [20] have been published, there is no overview of microplasma applications in
the THz field. Therefore, this work focuses on a few of the recent developments and the
implications for the future of microplasma applications in the THz field.
2. Application of Microplasma in THz Functional Devices
2.1. Terahertz Source
The methods of terahertz sources development are usually based on electronics and
photonics [21]. From the aspect of electronics, vacuum electronic devices and solid-state
semiconductors are usually used. Due to the power and operation frequency limitation of
the electronic devices, it is usually hard to obtain a powerful THz source with a frequency
spectrum up to tens of THz. From the aspect of photonics sources, photoconductive antenna
(PCA), optical rectification, and laser-induced microplasma are usually used [22]. The THz
radiation intensity based on PCA is limited by the carrier lifetime. The optical rectification
is limited by the nonlinear crystal, which has photon absorption and a damage threshold.
THz sources based on laser-induced microplasma have a wide frequency spectrum and no
need to worry about the damage threshold of the medium. It allows the operation of THz
sources with high-intensity laser input. Therefore, THz sources based on laser-induced
microplasma have great potential in generating super terahertz radiation with a wide
frequency spectrum.
The THz source based on laser-induced plasma can be used to produce short ultrabroadband pulses covering a broad frequency spectrum reaching well into the infrared,
which is essential to identify the spectral “fingerprints” of molecular crystals. The laserinduced plasma has a diameter of 10–100 µm and an electron density of over 1017 cm−3 .
The radiation terahertz spectrum spans from 0.1 to 10 THz, as shown in Figure 1 [23], and
the electric field of THz waves is kV/cm~MV/cm [24–27]. With the contribution of a 10 fs
laser pulse, a spectrum of the ultrabroadband pulse from far infrared to 200 THz through a
plasma is observed, as shown in Figure 2 [28]. In 1993, Hamster et al. first reported the THz
generation from the ionized helium gas [29]. A 50 mJ near-infrared pulsed laser is focused
on a helium gas target. The helium gas is ionized, resulting in the formation of microplasma
with an electron density of 2.5 × 1017 cm−3 . The optical-to-THz conversion efficiency is less
than 10−6 . In 2000, Cook and Hochstrasser improved the infrared–terahertz conversion
efficiency, which increases by at least one order of magnitude when an ultrafast laser field
composed of the fundamental wave and its second harmonic is used [30]. Classified by
the laser wavelength, the two approaches are generally referred to as the “one-color” and
“two-color” methods, as shown in Figure 3. A femtosecond or picosecond infrared laser is
used to focus on the gas targets. The gases are ionized by the intense laser electric field,
resulting in the formation of microplasma. The electrons in microplasma are accelerated
with ultrafast oscillation in the strong electric field, radiating broadband electromagnetic
waves (including THz waves).
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Figure 3. Schematic diagram of laser-induced plasma radiation terahertz wave. (a) single-color
method; (b) two-color method.
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In the “one-color” method, the minimum laser pulse energy required to generate
measurable THz waveforms is crucial. The laser energy threshold in some previous works
is in the range of 30–50 µJ, where the microplasma induced by infrared laser is usually
elongated with a radius of tens to hundreds of microns and a length of several millimeters
to several centimeters. The estimate scaling law for the THz peak power as a function of
the relevant laser source parameters proposed by Hamster et al. is presented as follows:
PTHz ∝

(W × NA × λ)2
τ4

(1)

where W is the laser pulse energy, NA is the numerical aperture of the focusing laser
cone, λ is the laser wavelength, and τ is the pulse duration. The equation implies that
the laser energy threshold can be reduced by increasing NA and the laser intensity at
the focal plane. Inspired by this, Fabrizio et al. reported an ambient air laser-induced
microplasma as a THz emitter, as shown in Figure 4. The laser beam is focused by a highNA microscope objective lens into ambient air, generating a microplasma with dimensions
of less than 40 µm. [31,32]. The electron density reaches as high as 1018 cm−3 . The required
laser pulse energy is as low as less than 1 µJ. In 2018, they further demonstrated that the
microplasma approach could reduce the necessary optical pulse energy by five orders of
magnitude while still obtaining a comparable signal-to-noise ratio for THz time-domain
spectroscopy [33]. Herein, the electron density of the microplasma should reach up to
1019 cm−3 or more. The THz radiation is usually a forward propagating cone. As the size
of the plasma decreases, the divergence angle increases. For microplasma of fewer than
40 µm, the THz radiation direction is orthogonal to the optical path. In addition, it should
be mentioned that the THz generation process is tightly reliant on the characteristics of
microplasma, including the size of microplasma, the electron density, the gas pressure,
and the gas composition [34,35]. For example, Sheng et al. found that the gas length can
tune the shape of the THz waveform and while the amplitude of the THz radiation is
constant, which provides a new pathway for terahertz radiation control. In addition, their
simulated results show that the THz radiation can be controlled by changing the strength
and direction of an external dc magnetic field with a few teslas, and the maximum energy
conversion efficiency is doubled in the magnetized plasmas [36].

Figure 4. Schematic diagram of laser-induced plasma generation and detection of terahertz waves [30].

In the “two-color” method, the femtosecond laser-induced microplasma has a greater
degree of freedom for THz radiation regulation than the “one-color” method. Thiele et al.
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phase and group velocities match that of the guided terahertz wave, the wave gains
energy from the microplasma, and the terahertz signal gets amplified. Terahertz amplifiers
based on microplasma instead of electron beam TWA have the following advantages:
(1) thermionic emission required in e-beam generation can be replaced with gas ionization;
(2) electrostatic lenses and magnetic focusing structures can be eliminated or reduced in
complexity since plasmas can be self-focusing; (3) larger acceleration fields can be used
by taking advantage of plasmas’ space-charge electric fields of ~104 –106 V/cm; (4) higherpower amplification at higher efficiency can be achieved. Their experimental results prove
that the maximum amplification of the meandering waveguide with microplasma is about
12 dB at a frequency of 0.9 THz [46].
2.3. Terahertz Filter
The terahertz filter is one of the essential components in THz spectroscopy, imaging,
and technology. It is used to selectively filter or efficiently extract terahertz signals for
the improvement of the signal-to-noise ratio. Photonic crystals have photonic bandgaps,
within which the propagation of THz waves is not permitted. It is usually used to confine
and guide the THz wave propagation. To enhance the tunability of photonic bandgaps
for THz wave modulation, plasma is introduced into the photonic crystals, forming an
artificial periodic structured composition of plasma and dielectrics, known as a plasma
photonic crystal (PPC). Compared to other methods based on the variety of external electric
field, temperature, and pressure, the advantages of PPCs are wide tunability of the relative
permittivity from negative to positive and rapid reconfiguration ability [12,18,47–50]. The
PPCs used to modulate the THz wave propagation have been investigated recently.
In terms of THz PPC simulation, Elsami et al. investigated the characteristics of
a microplasma photonic crystal for THz modulation [51]. Numerical results show that
the characteristics of the PPC bandgaps depend on the incident angle of the terahertz
wave, the electron density, and the thickness of the plasma layer. As the thickness of
the plasma layer or plasma density increases, both the center frequency of the bandgap
and the forbidden bandwidth decrease. Although these results show the possibility of
microplasma photonic crystals for active terahertz filtering, the effects of collision frequency,
discharge transient process, and the interaction between adjacent microplasma cells are
ignored. In 2017, Kushner et al. considered the interaction between microplasma cells
and simulated an open low-pressure surface microplasma array to modulate subterahertz
wave propagation. It reveals that the diffusion of metastable atoms or ions between
microplasma cells significantly impacts the subterahertz wave transmittance and the
discharge characteristics of the microplasma [52]. In 2020, with the transfer matrix method,
Wu et al. studied the effects of the collision frequency on the terahertz bandgap structure
and transmission characteristics of a microplasma photonic crystal, as shown in Figure 6a.
The increase in gas pressure leads to a decrease in the center frequency of the THz bandgap
and the intensity of THz radiation. In Figure 6b, it is interesting to find that if the electron
density is less than 1015 cm−3 , the center frequency and bandwidth of the first THz bandgap
are almost unchanged. As the electron density further increases up to 1016 cm−3 , both
the center frequency and bandwidth increase significantly [53]. What is more, Matthew
et al. investigated the effects of plasma frequency, collision frequency, plasma column
radius, lattice constant, and background dielectric permittivity on the subterahertz wave
propagation with the plane wave expansion method. It is found that the radius of the
microplasma cylinder and the background dielectric are the most effective control variables
for the THz bandgap and its center frequency, respectively [54].
Previous works focused on the THz bandstop PPCs. If a defect layer is appropriately
applied to the bandstop PPC, a THz passband PPC will occur. Wang et al. proposed a
one-dimensional magnetized microplasma photonic crystal with a (AC)N(CBC)M(AC)N
structure. A is the plasma layer with a 0.1–0.2 mm diameter, B is the dielectric defect layer,
and C is the ordinary dielectric layer. N and M are the periods of the plasma layer and the
dielectric defect layer, respectively. It is found that the width of each layer of A, B, and
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C will affect the center frequency and transmission coefficient of the passband, but the
width of the C layer has little effect on the transmission coefficient [55]. A flat passband
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Figure 7. Microplasma column array and its filtering characteristic diagram. (a) Schematic diagram
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detection, which has an ultrawide detection bandwidth and high sensitivity compared to
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Laser-induced plasma in the air is an important approach to detect broadband THz
waves. Dai et al. firstly demonstrated the coherent detection of broadband THz waves
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the THz field [63]. Clough et al. observed a 10% acoustic enhancement from a laser-induced
plasma under single-cycle THz radiation, providing a promising method for coherent THz
wave remote detection. It is probably caused by the THz plasma heating through energy
transfer from THz wave into translational motion of the gas molecules [64,65].
Due to the high complexity and high cost of the femtosecond laser-induced plasma
system, a simple method of THz wave detection is required. Hou et al. firstly proposed a
weakly ionized plasma detector for THz continuous wave. The dc neon plasma is generated
in the electrode gap of 0.15 mm. As the discharge current increases, the responsivity of
the THz detector increases firstly, reaches the peak of 194.4 V/W at 1.4 mA, and finally
decreases [66]. Furthermore, a microplasma array is fabricated to detect the THz wave [67].
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ated in the electrode gap of 0.15 mm. As the discharge current increases, the responsivity
the free electrons released by the ionization of gas molecules are driven by the asymmetric
of the THz detector increases firstly, reaches the peak of 194.4 V/W at 1.4 mA, and finally
laser field, resulting in a fast transient current and emitting THz wave. On the other hand,
decreases [66]. Furthermore, a microplasma array is fabricated to detect the THz wave
Debayle et al. found that the THz radiation may originate from the plasma oscillation
[67].
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electrical discharge instead of femtosecond laser energy pulses. Reference [44] reported
that
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relationship between
the gainbyofMicroplasma
terahertz wave amplification and the electron
3.2. The
of THz Radiation
density is nonlinear. The amplification mechanism of THz radiation by microplasma is
Regarding the amplification mechanism of THz radiation by microplasma, Dai et al.
unclear yet, which will be solved in the near future.
believed that four-wave-mixing parametric processes are the main reasons for amplificationMicroplasma
of THz radiation
by laser-induced
plasma. This is different from the explanation from
3.3.
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et experimental
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Simulation
results have
also predicted that THz radiation with frequency up to several THz can be tuned by microplasma photonic crystals as long as the plasma density increases to 1015 cm−3 or higher.
Further experimental verification of this prediction is needed. In addition, the effects of the
plasma uniformity, the transient discharge process, and the 3D complex structure on the
THz bands of the microplasma photonic crystals are required to be investigated.
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3.4. THz Detection by Microplasma
Previous works have demonstrated the detection methods of THz radiation from
the aspects of second-harmonic generation, emission of fluorescence, and acoustic signals
from laser-induced microplasma. The qualitative interpretations of the detection principles
have been described. On the other hand, Hou et al. proposed a detection method of THz
wave by microplasma or microplasma array, where the microplasma is achieved by glow
discharge at low pressure. Although the effects of gas pressure, gas composition, and
discharge current on the responsivity and stability of the THz detector have been studied,
the measurement mechanism of this THz detector remains unclear yet.
4. Conclusions
The application of microplasma to THz functional devices from the aspects of terahertz
sources, amplifiers, filters, and detectors is reviewed in this work. The conclusions are
presented as follows.
(1)

(2)

(3)

(4)

THz sources generated by the “one-color” and “two-color” methods are based on
the laser-induced microplasma, where the microplasma has high electron density in
the range of 1017 cm−3 –1019 cm−3 . The size of microplasma and the electron density
greatly impact the optical-to-THz conversion efficiency. The THz sources have the
advantages of a broad frequency spectrum and high power, which is very useful for
identifying molecular crystals and biological macromolecules.
In addition to the laser-induced microplasma, the microplasma in the capillary generated by gas discharge has proved helpful in amplifying the THz wave. It shows
the possibility that the microplasma can be served as a THz amplifier, which has the
advantages of high-power amplification at high efficiency. However, different amplification mechanisms based on four-wave-mixing parametric processes, the negative
absolute conductivity of microplasma, and electric dipoles are proposed, which are
needed to investigate in the future.
Both experimental and simulation results demonstrated that microplasma photonic
crystals have THz stopbands or passbands in the frequency range of 0.1–0.2 THz,
which allows tuning the THz wave propagation by changing the plasma parameters.
The THz filters based on the microplasma photonic crystals have advantages of fast
response and reconfiguration ability. However, the control of THz wave propagation
with frequency up to 1 THz or higher by microplasma photonic crystals needs further
exploration.
The detection methods of THz radiation, based on the second-harmonic generation,
emission of fluorescence, and acoustic signals from laser-induced microplasma, have
been developed and well studied. In addition, a simple detection method of THz
radiation, based on the interaction between THz wave and the microplasma produced
by glow discharge, is introduced. However, the detection mechanism of this method
remains unknown at present.

In general, the microplasma technology successfully applied to the THz field, such as
THz sources, amplifiers, filters, and detectors, opens a new area of exploration for both THz
technology and plasma. It is beneficial to promote interdisciplinary research between them.
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